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FOREWORD

‘Thi~. renort was vrepared by George F. Schmitt, Jr., Elastomers and Coatings Branch
(MA®E), Monmetallic Materiils Division, Air IForce Meztorials Laboralory, Directorate ot
Laboratories, Air Force Systems Command, Wright-Patterson Air Force Buse, Ohio, and by
Guourgo §. Tatnall and Hoancth W, Foulkie, Neval Ate Davealanment Cantar, Johnsville. Pennsy: -
vania, ‘This work was initiated under AFSC Prcject Mo, 7340 ‘‘Nonmetallic and Composite
Materials,’’ Task No. 734007 ‘‘Coatings for Energy Utilization, Control and Protective
Functions,’”’ and NAVAIR SYMCOM Weptask RAV 03J 001/2021/R008-01-01, Problem
Assgignnent 25,

This report covers work conducted from January 1965 to December 1966, The manuscript
wes released by the authors i March 1967 for publication,

The discussion of :inaterials by brand names in this report is in no way to be taken as
endorsement or criticism of them by the Government, They were sclected gs representative
of certain clusses of materiais and their names ure a cunvenienl way of handling and discuss-
ing them. The Goveranent incurs no liability or obligation to any supplier of materials from
the informaticn included in this report.

The auth>rs express their nppreciation for the support and cooperation ¢f Bernard K.
Jackson, 1/Lt USAF, Project Engineer, and the personnul of the ‘Track Test Directorate, Air
Force Missile Development Center, Holloman Air Forcc Base, New Mexico. Their efforts
in firing the rocket sled tests were greatly responsible for the timely completiun of this
series.

Appieciation 15 also extended to the materials suppliers for their contributions of materials
samples and matarial properties measurements to the program at n; cost to the Government.

This techrical report has been reviewed and is approved.

/%w/ A _

WARREN I+, JOHNSON, Acting Chief
Elastorners & Coatings Branch
Nonmetallic Materials Division

Afr Force Materials Laboratory
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Cmmename

ABSTRACT

A comprehensive investigation of sixty-five dielectric and other materials for short
exposure time rain erosion resistance ut velocities of Mach 1.5, 2.0, 2.5 and 3.0 has
recently been accomplished in & Joint program of the Elastomers and Coatings Branch.
Nonmoiailic Maiciiaie Division, Alr Fongs Materials Toharatory and tha Radome-Antenna
Section. Naval Air Development Center. This work was accomplisked at the Holloman AFB
Test Track Facility, New Mexico.

v

Multiple samples of each material were mounted in a wedge shapad holder atiached to
the forward end of a multi-staged rocket sled and exposed to the same rain environment by
firing the sled through a 6,000 feet long artificial rainfield, The samples were exposed at
five different impact anglea .nd four different velocities and the quantitative rain erosion
recisiance determined as a function of volocity, time of exposure and impact angle, Al-
though the exposure times wers short the materlals demonstrated real differences in their
rain erosion resistance.
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e
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Materials evaluated included isotropic - od sandwich ceramics, plastic laminates, nickel
electroplated plastics, inorganic iaminatcs, ceramic ¢nd elastomeric coated laminates,
glasses, thermoplastics, sandwich plastics and metals. The results of these supersonic
exposures are summarized aud listed according to materials category.

-5 @0

Quantitative data in the form of weight loss per unit area and mean dapth of penetration
rate (MDPR) are presented. Equations describing the high velocity-short exposurc time
erosion rates of plastic laminates and fused silica ceramics have been developed, Nata for
most other materials have been plotted but not fitted to equations. Photographs of all rain-
exposed specimens and descriptions of the 65 materials evaluated are included,

Distribvtion of this Abstract is unlimited.
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SECTION 1

INTRODUCTION

[ Yoy

Supersonic alrcrait and migsies May experience dainugo w 1 adumss, icading Sugs surfaccs,
and structural members because of raindrop impingement. This phenomenon, known ag rain
arorion. has become increasingly severe as the velocity of these aerospace systems con-
tinues to increase.

The desiyner.. of radomes and aircraft have, in the past, relied on subsonic whirling arm
erosion daiws extrapolated to higher velocities or on the qualification teat of a mock-up
radome by one firing through the rain field on a rocket sled track. These investigutions
have been used to supposedly predict the behavior and performance of materials vpon
repeated exposurs in a supersonic rain environment.

With the increasing numbers of supersonic aircraft, a systematic comprehensive evalua-
tion of nonmetallic, dielectric materials for structural applications was necessary to obtain
erosion rates at supersonic velocities so that designers could develop efficient components
which would withstand rain erosion under high speed, operational conditions. .

‘The program undertaken by the U. S. Naval Alr Development Center (NAVAIRDEVCEN),
Radome Section, and the Air Force Materials Laboratory (AFML), Elastomers and Coatings
Branch, was directed toward obtaining these erosion design criteria as a function of velocity,
angle of impingerent, rainfall intensity, and materials physical properties. Damuge rates
and volume loss per unit time were determined for 66 materiais which may be used in super-
sonic aircraft or missile systems.
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SECTION II
SUMMARY

Sixty-five different dielectric and other materials were evaluated for short-exposure time
(four seconds or less depending on velocity), rain erosion resistance at velorities between
Mach 1.5 and 3.0 by firing muliisteged rocket sleds through a 6000-feet long ertificial rain
field at tha Holloman Alr Forra Rame Taat Vrack Facility A rain arnrion wadge, desimed
to accommodate eight different materials for each sied run, was supported on the forward
end of the rocket sled. By exposing each material to the same rain environment at five dif-
ferent impact angles and at four constant velocities, the quantitative rain erosiocn resistance
of these materials was determined as a function of velocity, impact angle and time.

Material specimens 1.250 x 1.250 x 0.250 inches were used to obtain welght loss values
per unit area. Datu was reduced to the form of mean depth of penetration rate (MDFR) vy
sin § (the impact angle @) for a family of suporsonic velocitics.

Where porsible, general empirical rain erosion egquations wers fitted to the plotted data.
For certain materials the data was not suitaile for deriving equations but was plotted un-
corrected through the experimenial points. Several of the best performing materials yielded
nonmeasurable damage rates. The damage increased exponentially with velocity and varied
directly with the normal component of velocity.

Materlals ovaluated in this program included isotrcpic ceramics, sandwich ceramics,
plastic laminates, inorganic laminates, ceramic-coated luminates, elastomeariv~cuated lam-
inates, glasseus, thermal piastics, sandwich plastice, and metals,

The Mach 1.5 resuits irdicated that flame sprayed aiumina coatings, the uncoated 8265
Furane epoxy and Epon 828 epoxy laminates, and all the clastomeoric--coated laminates
ylelded good protection from the rain impingsmert at this veloctty for a short exposure
time. The olastomers (sprayed neoprene, molded boot neoprene, and boout uretbane) were
completely undamaged after one firing at Mach 1.5. Other materials which ezhibited good
erosion resistance at this velocity werc a polyphenylene oxide plastic, an electruplated
nickel costing over an epoxy laminate, a plasma sprayed alumina coating (treated with
phosphoric acid) over an epoxy laminate, and a Rokide ‘‘A*’ flame sprayed alumina im-
pregnated with epoxy resin over an epcxy lamlnate,

At Mach 2.0 and 2.5 materials whick exhibitea superior rain erosion resistance in addition
to the isotropic alumina and beryllia were the polyphenylene oxide thermal plastic, an
electroplated nickel coating over epoxy laminate, a plasma sprayed alumina coating treated
with phogphoric acid over an epoxy laminate, and a Rokide ‘A’ flarme sprayed alumina im-
oreguated with eédoxy resin over an epuxy laminate. At Mach 2,0 other isotropic ceramics
such as Pyroceram and fused silica were damaged sufiiciently to limit their capabllity in
this environment.

Of the materials investigated at Mach 3.0, those which best survived the rain environment
witk little damage were the highly dense alumina and beryllia isotropic ceramics. Otaer
isotropic ceramics, sandwich ceramics, ceraric and electcmeric-cogted laminates, giasses,
and metale were severely to moderately damaged at this velocity.
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SECTION 1III
THE RAIN EROSION WEDGE

1. PHYSICAL DESCRIPTION

[
9}
3
6
*
He
£

The superscuic rain erosion wedge shown in Figure 1 was designed by NAVAIRDEVCEN
for multiplc sample testing of materials at velocities of Mach 1.6 or greater. Eight different
materiais can be evaluaied for each run with samples of the same matsrial mounted on bcth
the left and right sides at each of the following angles: 13.5°, 30°, 45°, 60° und 90°. By pro-
viding for two specimens of the same material at the same tmpact angle but displaced ver-
tically by four spaces, some narmalizing effect is introduced to partially comipensate for
slight variations in the material, rain-fall distribution, and sample edge -ffecis. A iotal of
80 samples are contaired in the fully loaded wedge.

The basic construction consists of left and right side plates, top and botlom plates, and a
base or back plate all of which were machined from 7075-T¢ aluminwn. Parts were doweled
and secured with internai wrenching cap screws. A separate leading edge and all sample
cover plates were made from stainless steel to retard rain erosion on the forward surfaces.
Sampie cover plates were secured with countersunk Allen head screws having nylon lock
inserts.

Both top and bottom surfaces were inclined 15 degrees upward from the leading edge aft
to induce a negative lift component and to relieve the afterbody for flow expansion, The base

or aft en¢ dimensions are 13-1/2 x 12-1/2 inches making the total frontal area 1.33 ft2 with
the added area resulting fromn inclination of the top and bottom surfaces. The loaded gross
weight reading for firing ranges between 70 and 75 pounds depending upon the density of the
samples.

Mounting holes were provided in both the bottom aad back plates for quick-change attach-
ment to the Holloman rockat sleds. NAVAIRDEVCEN assembly and detail drawings are listed
in Reference 1.

b. Sample Mounting

Material samples 1.250 x 1.250 x 0.250 inches were mounted in wedge grooves behind
stainless steel cover plates as shown by Figure 2, The exposed sample area dimensions
are 1.00x 1.00 inch at all impact angles. The stainless cover plates are 0.060 inch thick
with leading edges chamfered parallel to the wedge center line, and aft edges chamfered
al 45 degrees to the plate surface. All leading edges were beveled to minimize shielding by
the covar plates; the Jack edges were chamfered to reduce the effects of a high pressure
corne:r or cavity,

Most of the materials evaiuated were backed with hard rubber pads of the same size as
the test sample. Aluminum spacers were installed between samples to accept the concen-
trated loads when the cover plates were tightened. Dimensional differences between the
spacer thickness and the aum of the Tubber pad and samule thicknesses were such that the
rubber was slightly compressed. This method was found to be undesirable for brittle ma-
terials, causing prematurs breakage on some materiais in the early runs,
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Figure 1. Supersonic Rain Erosion Wedge
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A potting method was therefore developed for use with all brittle materials (Figure 2}.
In this typs of sample mounting both the hard rubber backing and half the spacer width on
each end were replaced with fiber reinforced epoxy potting. A complete set of 80 samploe
was potied in one model setup, Ten eight-sample-strips were thon jig drilled and saw cut
into individual pieces. All potted samples were numbered and weighcd after potting aad
machining.

All samples had approximately 1/8 inch of unexposed edge on all four sides to prevent drop
impact on the edges. This was drae to minimize edge effects as well as to provide a method
of securing them.

2, AERODYN: MI2 CHARACTERISTICS

Three basic profiles or configurations were cons dered in designing the wedge for multiple
sample testing: the circular leading edge, the hypccycloid or inverse of the circulur leuding
edge, and the configuration as shown in Figure 3, It was determined that the latter profile
produced the minimum form d 'ag, the most oblique shcck pattern and, therefors, the shortest
paths between the {irst shock wave and the surfaces of the test semples,

A quarter scale model was made at the NAVAIIRDEVCEN and run at the David Taylor
Model Basin (DTMB) Supersonic Wind Tunnel at Mach Nos beiween 1,5 and 2,86 to determine
the flow patterns and to measure the aerodynamic forces und moments. Force and moment
data sre reported in Reference 2, '

The 15° inclination angle of the top and bottom surfaces produced a sizeable negative 1ift
componcnt at all Mach numbers ‘which was a requirement of the sled designers. This force
and moment data wes used irn the Holloman rocket sled performance computer program for
the selection of launch station, booster propulsion, sust \dner propulsion, and retarding mech-
anisms to achieve the specified performance within the rain field.

Shock wave patterns at M 2,86 are shown in Figure J, and are typical of all Mach numbers
betveen 1.5 and 3.9. In addition to the bow wave from the 15° half-angle leading edge, there
are four major secondary compression waves, The fourth or last one is a normal detached
shock wuve creating supersonic flow behind the base,

Two major separatcd flow regions are indicated from Schlieren photographs. One is in the
corner beiween the 15° and §0° samples; a second exists along the curved surface forward of
the 50° sample, Two minor separaied flow regions are shown in the corners forward of the
45° and 30° surfaces, Vertical tleeder slots were added just forwa:d of the 90° samples on
the curved surtaces. These slots reduced the size of the separated flow region over the
curved suriuces and slightly reduced the dray coefficient by raising the hase pressure.

Figure 3 also shows the path lengths, As“ at full scale through which water drops must

travel between penetration of the bow wave and inupingement &t the center of the sample
surfaces. These path lengths vary between 2.25 and 3.50 inches v'lth the exception of the 90°
sample, the length of which is greater than double that of all other angles. The drop dis~
integration effec: resulting from the lcnger path at 90° seriously affects the rain erosion
rate at 90°,

3. DROP DISINTEGRATION EFFECTS
Any reglon of flow separation, a shock wave or combi.ation of shock waves has some

effect upon the weter drops. In rain erosion testing the objective 1s to evaluate materisls
with such effocts mimimized or to test as nearly as possible to free stream conditions.
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Figure 3. Rein Erosion Wedge Skock Wave Pattere (M = 2,805)

Conversely the vehicle designer or user of materials subject t¢ rain erosion damage should
take full advaniage of techrniques for the delay of erosion and prevention by the deliberats
breakup of watar drops before impingement.

Since there is no method of avoidiug the generation of shock waves whan testing iu the -

atmosphere at supersonic velocities it is impossible to svoid this effect to some degree.
In any test method the disiniegration effects should be explored and understood. Thay should
pe carefully considered in the comparison of data from diiferent tesi methods; in some
cases they may completely inveliidate the test data.

Disintegration or drop-brealup times have been investigated both in the United Statee and
the United Kingdom. Expurimential measnremonts obtained by Jenkirs ai the Hoyal Aircraft
Establish:nent (Reference J) are in good igreement witn values obtained by Engel at the
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Y. 8. Buremu of Standards (Refereace 4, This work was porformed in the high subsonic and
iransonic velocity range from which tht empirical equation was derived for breakup time (t)
in termet of drop diameter (D) in feet and velocity (V) in {t/sec.

* .. 20D
- vo 1z

The time in the above equation cerresponds o ths time to reduce a drop of dian.eter D ta

t

dropiews no lurger than 0.1 mm, This uquation can be applied to low supersonic speida and '

should be particularly valll benind normal shock waves. Calculation of breakup timen at
velouilies between 1600 wnd 3600 ft/soc for drop sizes between 1 and 3 mim dlameter sre
Diottad (n Figuce 4 At Mach 2.0 the time {o break down a 1 mum drop io 0.1 mm I8 0.00625
second; time reoquired to Lrenk down a 2 1am drop to the game droplet size is aboul 0,0005

-gecoad.

Taking the rath lengths of Figure 3 at Mach 2.85 for the full mize wedgu the oxpeaure times
were ogioulnted using the tlme incromenis amd locul velocities between shock waves, Thesa
poiatls (Figure 4) indicals that for angles of 15° 45°, and 60° the exposure Jmes are loss
than that required to disiutegrate 1 mm drope and small compared with times re-quired for
digintegration of 2 and 3 mm drops., For the 30° angle specimens the exposure times are
greuler than required to break up the { mun drop ami more seriously affect the J0° samples.
‘The 90° sample Jdisintegration puth length time, much greates than for all other angles, is
rufficiont (o break dowa uli drops of 2.5 mm or lase. This effoct i3 quito obvious upon in-
spection of the 80° saumples sud is reflected in the veryv low weight losses at this angle. Ali
9C¢° data is therefore consideced invalid amd {s pot included in the curves for weight loss,

Some efforts have boen msade to photograpn water drops within the shuck pattern with
overhead cameras. To date this has been unsucceesful bui could certalnly provide valuable
information for botter interpretatiorn of the data,
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SECTION IV
THE HOLLOIMAN TRACK FACILITY

1. TRACK DESCRIPTION

The 35,500-foot iast truck operated by the Test Track Directorate of the Air Force
Missile Development Center (AFMDC) is locatcd at Holloman Air Force Base, New Maxico,
on the eastern edge of the White Sands Missile I.ange. Direction of the track ia within a faow
degrees of true north with the main breech located at the sovth end. The 6000-feet raia
ficld zone 18 located toward the north end between stations 20, 700 and 26,700 feet. For
details, see Reference 5.

Tue 171 1b/yd crane Tails are spaced 7 iswe ou center. Alignment is maintained within a
tolerance of i 0.005 inch on the west rail and + 0,010 inch on the east rail. Both rails are
welded to provide une continucus joint~free track section for the entire 15,500 fest,

The track is equipped with four stationary blovithouses on the waost side of the track inciuding
one at elther end, one in the centsr, and one at track station 2970. A portable fire control
trailer is also available for use in firing solld propulsion units from any point on the track.
Both the north blockhcuse and the fire control trailer ware used in this series. A completely
equipped, shietded, dust free telemeliry ground station is located 2000 feet east of the mid-
point of the track and visual observations of the firicgs are made from this station.

Two means of sled deceleration by water braking are available, and both were used in this
program, Watertilled polyethylene bags are laid directly on the track and the slippers on
which the sled is mounted strike these bags slowing the vehicle to a stop. This method of
braking was used to stop the sustainer stage at all Mach numbers. A momentum exzhange
brake (U-tube srrangement) was added to stop the booster on the Back 2.0 runs and the
seccnd booster on tae Mach 3.0 runs.

All firings were made between 0200 and 0700 to take full advantage of calm night air on the
desert. Wind velocities normally begin to increase shortly after sunrise and usually reach
5 to 10 knots by midmorning. The advantage of night operations is apparent in achieving
30 launches over a six-month period withonly two scheduled runs aborted becauge of weather.

2, ROCKET SLED

All rocket sled hardware was provided by the Holloman Track Test Directorate. The
sustainer sled, originally designed for radome testing, was modified to support the rain
erosion wedge and to house a clustar of seven M-58 sustainer motors. Separate pusher sleds
were designed for the Genje ard the Nike motors.

To accelerste to peak velocity and to sustain the desired Mach numbers in the rain fleld,
staging was used in accordance with Table I. Three basic surplus engines were used in
various combinations to achieve the required velocity performance. A photograph of the
Mach 3.0 sled configuration is siiown in Figure § with two Nike booster stages and two
sustainer stages housed in the forward sled.

With the exception of some engine ignition malfunctions in the early tirings, the staging
used was satiafactory and produced relatively flat velocity profiles through tha rain. Wind
tunnel force coefficients for the wedge assisted in computer calculated sled performance,
relection of launch points and deceleration coast-cut distances.

10
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A complete history of the 30 seled firings with dates, firing times, wind conditions, average
veiocitios in the rain, and sample designations is listed in Tubles II through V.

%, INSTRUMENTATION

Two measurements of sled velocity were made on the raln e.osion runs. The space/tine
(VM3S) technique (Refarence 5) determines sled posiiion, velocity and acceleration by defining
ihe ume iniervai of silvd irsvul buiwoen very accwnisly spaced (13-100i tutervals) Light boam
interrunters on the track. An RF modulation is created from the sled borne photo piclap as
it pusses these interrupter stations with conversion siud wransmission as RF. Accuracies in

excess of 0.1 foot per second are attainable.

Twelve ‘‘spot vclocity” cuwcka on a sled ca. be made during a run using time intervol
counters. These are L megacycle countors which may be startsd and then atopped by means
of » LrLaunwire as a sled prooreeccs across a specific distunce. This technique was the
primary one nsed ivr the rain erosion test series.

Photographic coverage for these runs included image motioncameras, limited shadowgraph
photography, motion pictures and still documentary (before and after} pholography. The image
motion technique provides a full length view of the test wedge at 500-foct intervals through the
rain fiold. These photographs were used to analyze the progressive erosion of materials with
increasing rain exposure. Shadowgraph coverage was attempted in order to study the shock
wave pattern around the wedge. Limited suocess was attained because of difficulties with
shooting vertically from above the track and obtaining a well~defined shock front.

Documeutary coverage with color and black and white atill photos, before and after firings,

of the test wedge. the vehicle, and propulsion systems and general scenes was also provided.
The motion pictures taken during the runs further helped to document the series,

12
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SECTION V

THE HOLLOMAN RAIN FIELD

1. DESCRIPTION OF THE SYSTEM

The prasent Holloman rain field simulation system consists of 6000 feet of rain bstween
stations 20,700 and 26,700 on the 35,500-fout track. This provides up ic 8800 feet for sled
acceleration and 20,700 fert iur deceleratior when {iring North to South, Vertical standpipes
{rain dispensers) are spaced 9 feet on either side of ths west rail with the nozzles located
31 inches wbove the track surface. Longitudinal spacing of tho si.ndpipes is B feet with the
east and west nozrles staggeved to provide a separation of only 4 feet between ncszles, A
photograph of the rain field looking north is showa in Figure €,

All nozzles are Spraying Systems Company Veejet 1/4 u 8070 mounted at 65 degrees from
the horizontal on the standpipes. The standpipes are supplisd through a manifold sysiem in
which each section feeds only 50 nozzles and provides individual pressure ragulation. The
mardfold in turn is fed through a 6~inch mein from a 20,000-gallon storage tunk. A Li-2 diesel
engine powers a cenirifugal purnp capable of delivering up to 4800 gallons/minute flow rate to
the sytem,

At the 2.5 inch/hour rainfall rale used for these tests the available waler supply can be used
for more than 10 miuates without refill of the tank. Under conventional operation the nozzles
were operated for abuut 3 minutes/run. This i3 possible through a bypass system with no
los3 of water until T minus 60 seconds at which time remote control valves deliver pressure
to the nozzles. A fuli water system at start assures uniform flow after 35 seconds.

A comprehensive description of the Holloman rain field, designed and installed by tbe
Sandia Corporation, is reported in Reference 6.

2. RAIN SIZE AND DiSTRIBUTION

The original intent of this program was (o evaluate all materials at 1 inch/hour rainfall
rate with a mean drop size between 1.8 and 2.0 mm. This rainfall rate agrees with Figure 7
which describes typical particie size distribution for natural rainfall rates up to 6 inches/
hour.

Drop sampling at the Holloman Test Track using the oil system technique showed that a
system pressure of 9 pei provided the required 1.9 mm mean drop size for a monorail sled
on the west rail. The Veejet 1/4u 8070 nozzles cperated at 9 psi give a rainfall rate of
2,25 to 2.5 inches/hour with a cyclic gradient between the nozzle centor and the adges of the
fan shaped sprdiy patvern. A characteristic drop size distribution curve is shown in rigure 8
for comparison with that of natural rain of Figure 7.

Firing of test samples through 8000 feet of rain at 2.5 inches/bour rainfall rate with a
mear drop size of 1.9 mm produces a total energy absorption by any given sample. This
same total energy would bo ahsorbed by the same sample if the water system could have been
operated at 1.9 mm mean drop size, a 1 inch/hour rate, but over 15,000 feet of track, The
major difference between these two expnsures would be the time of energy absorption or the
rate of pressure puises inducing short {ime stresses within the material.

3. FIRING CONDITIONS

Observation of wind effects upon the water system was made fu * random wind velocities and
directions. Cutoff or abort conditions were established at 2 knots cross track and 3 to 4 knots
down track. Wind readings were reported from three track stations, cne at each ena and one
at the center of the rainfield. Normally they were reported overy 15 seconds between T minus
60 ssconds and fixliy.
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SECTION VI

B

MATERIALS EVALUATED

1. CLASSES OF MATERIALS

Matnrmals salactad for these evaluations were classified in 10 major cstegories according
to material-type. Isotropic ceramics were seiected because uf their potentlal for high speed,
high temperature radomes, their good erosion resistant properties (high density and strangth),
and their excellent dielectric. properties. Sandwich ceramics, while lacking in the strength of
golid ceramics, are a widely-considered and used structural material for advanced radome

designs.

Plastic organic larainat)is such as epoxies, polyimide and polybenzimidazole are currently
in oxtensivs usc as radoine materials or are being planned for future applications, In a like
manner, inorganic laminates are being evaluated for very high temperature systems,

Coated laminates represent still other structural materials which have found broad appli-
cation. Considerable effort is now being conducted in developing dense, cersmic, rain erosion
resistant coatings for a variety of laminute and metal substrates (Reference 8). The ceramic
coatings ars intended for use in a supersonic environment and hence nveded evaluation as to
their protsctive capability in rain, Elastomeric coatings are widely used for subsonic rain
erosion protection, but little has been done to evaluate them supersoaically in rain (other than
an occasional proof test of a mock-up radome).

Increasing applications of glasses in supersonic systems for windshields, rademe, and
infrared windows dictated an eveluation of representative systems.

Unigue structural systems such as plastic honeycombs with laminate or metal skins and
laminates with cork, Teflon, or metal coatings also were evaluated because of possible use
in a number of cases. Along this line, thermal plastics suck ag polyphenylene oxide and
Teflon were evaluated as bulk materials, and poiymethylmetbhacrylate (Plexiglas) was chosen
because of extensive rain erosion research on it in the past,

The final class of materials was metals which were chosen as representative airoraft
structural materials (for parts other than radomes) and ag a base line on which to compare
materials. Soft metals such as aluminum a‘loys and annealed copper ware chosen so that some
evidence of ercaion would be present.

Keeping in mind the need for improved dielectric materials and the lack of supersonic
erosion data on most of these materials, the various meterials in each class were chosen,
obtained from various euppliers, procssed, arranged into runs, expoeed at Hollognan super-
sonloally, and then post-processed and evaluaied. Soe Table ill for a listing of matarials.

~

2. SAMPLE PROCESSING

Each material supplier wus required to supply with his material a puysical property data
sheet which included porosity, density, hardness, and other pertinenc physical and electrical
properties. These were also furnished at no cost to the program. (See Figure 9.)

Prerun sample processing consisted firet of inspecting received samples for damage and
dimensional tolerancea to avoid difficulty of inatallation into the test wedge at the test track.
In only a very few cases were the camples oversize, requiring sanding or additional machine
work.

17
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The sample materials were arranged into groups of eight where similar materi.ils, insofar
a3 possible, werc evsluated on the same run, After assignment tc a given min all samples
wers numbered and recorded in the Test Sampie Log Book, The numbering system used in-
cluded materiul cless leiter, clagss number, Mach number, run nuraber, and seriul number.
The following example demonstrates the code numbering system:

C3-1.5-4-10

The above numbor indicates this C3 sample to he an 823 Epoxy laninato ;see Table VI)
evaluated on the fourth run at Mach 1.5, The number 10 irdicales ihat the seinple i8 number
10 of 1 through 10 recorded in the log book to note the vertical position and impact angle.

After numbering, the samples ware dried ovarnignt at 150°F for removal of moisture.
fampler were then weighed on a Moettler electronic balance, Model H~4. This instrument
measures to the nearest milligram with 0.5 mgaccuracy. Having rocorded the sample weights
in tho Test Sumple Log Book the specimens were packaged into apecial run Loxes for ship-
men! to idolloman Air Force Base, At the time of loading into the test weuge the position
numbers for each specimer. were recorced.

Upon completion of a firing thr samples were removed by pevrsonnel from cithex
the AFML or NAVAIRDEVCEN, p--.kaged in the original! run boxes and shippcd back to
tre NAVAIRDEVCEN for post-n.: fsample prccessiung. The samples wers then redried for
15 hours at 150°F and rewelghed for weight loss. The post-firing weights were enteread in the

Tes. Sample Log Book. Weight loss {gm), weight loes per unit area (g1n/cm2). and MDP (cm)
were calculated hased on materials density, The MDP? calculation assumes the damag= w p®
uniform over the exposed area of one square inch.

The 19 samples of any spacific materiai for « run were then me:uied on 8 x 10-1/2 standard
cards. The weight losses, MDPs, pertirent descripiivs information, and velocity profiles
through the 600C-foot rain field were added tothc vards for each group of samples. I'he cards
were photographed in both color and Liuck and white. The black and white was required for
this report; color prints were torwarded fo each supplier {or his samples. The compleled
cards were then cateluged in special card files as permanent records. These card files are
available for sbservation at both AFML and NAVAIRDEVCEN for Government agencies or
industriss who are interesved ia raln erosion damage.

3. PROPERTY DATA

Applicable physical property data for all materiali was submitted together with the samples.
Standard ASTM test methods were specified where applicable in order to obtain all data on a
common basis. Table VII prasents the data as it was submitted by materials suppliers; it
was not screened for conformance with standard test rnethods. As a long range chjective of
this program, an attempt is being made to correlate material properties with the damage
experienced in the rain environment.

The following properties were selected us pertinent (. erosion resistance and dielectric
performance:

Porosity Tensile Strength

Density Compressive Strength
Hardness Tear Strength
Modulus of Elasticity Modulus 9 100% Elongation
Shear Modulus Puisscn’s Retio
Shear Strength Dielectric Con:tant
Flexural Strength Loss Tangent
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It is pointed out that these materials were not prepared (o optimize one particular property
specificaily, but rather as represoatative aamples of their partinent clase of material. There~
fore, because a particular material is considered low in a certain prope.ty does not indic.'e
inferiority in any way for other applicatiors.
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SECTION VO

RAIN EROSION DAMAGE DATA

1. THR CARD PHOTIWMIRADHR

ALl exposed ssmples wers mounted on standard card forms after reweighing, Samples

fiom iw iuwii side vl Uw wody: wers rounied 1n the 1OWer row: right-side samples were H
mounted in the upper row. The forward or leading edge in all cases ir on the left-hand i
side of the cards. The top row of numbors, above the samples, indicates the weight loases i

por unit srea (gm/cmz); the lower row of numbhers presents the calculated MDPs in ¢cm
azsuming unifcrm orosion over the exposed aree.

Material description, test conditions, run number, date of test and test Mach number are
listed in the lower left corner. The velacity profiles through the 6000-fcot Tain field for each
run are crawn in the lower right curner of the cards. Average velocities for all runs were
calculated for conversion of weight loss per unit area to mean depth of penetration rate
(MDPR) using the following equation:

- ———t

G 3 LA B <ic 5 ko oy e e RNGE S sl

MDP Weight Loss/Unit Area Volume Loss/ Unit Area 1
MDPR - = s - -
sec P Unit Time
3 2
cm ogm cm® | cm /cm
= x> —— -
sec cm? x gm sac suc

Where p is the density of the eroded material, (s;/cm3
t is the exposed time in the rain, sec

Raln erosivn damage daia for a material is plotted as MDPR ¢s sin @ for a family of ve-
locities, This form» was shown to best fit the data for some classes of materials. There are
cases however where it does not apply. Ductile materials. for example, while severely dented
or deformed within a very short exposure time, experienced no sigaificant weight loss. Cer-
tain high strength but brittle ceramic materiale showed no weight loss for the velocities and
expogure timer of the test. Other ceramics fractured and showed such a wide scatter of data
poinis as to preclude their plotting iato any reasonable curves.

2. THE HIGH VELOCITY - SHORT EXPOSURE TIME ERAIN EROSION EQUATION

Sorue attempt has been mude toward deriving equations to fit the MDPR dependence upon
velocity and impact angle. Obviously it would be most desirabie to develop a2 general equatiorn
which would fit most types of materials and for which specific constaats and exponents could
ke determined for the inuividual materials. The data derived from evalueting 65 different
materials which logically fit into 10 different material classes is now available for such curve
fitling.

First eiforts were dovciad io a homogeneous group of maierials which were eroded with a
minimum difference in weight loss between leit snd right-side samples and which, in general,
showed the best plots of MDPR vs sip 3. The piastic laminate (Class C) group was best suited
for dJdoing this because erosion results showed a mitimum deviation of data points from !
straight Lnes and the most reasonable magnitude and slcpe change with velocity. The equation
to best describe the rain eveosion effect was derived pursly on s mathematicgl curve fitting
basis. Figure 10 (a PBI laminats) i8 a typical graph of the MDPR vs sin § for the Ciass C
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materials. For any specific test velocity the graph is a combination of two straight lines of
different slopes intersecting at 8= 9D. For sin§ < sin GD the straight line is describcd by
the equaiion:

MDPR: K, sin 8 (1)

For sin @ > sin GD the straight line is described by the equation:
MUFR = K, sin @ + K, (2
In the above equations Kl Kz. and K3 are all functions of velocity £(;). When K1 K and K3

are plotted vs velocity on a semilog graph they produce straight lines as shown by l‘igure 11,
From these three slopes the f(p) describing K , and K arc determined. 9 ie then de-

termined by equating K, sin G = K, Sin GD + Ka. Therefore the functions are simple expo-
nentlals given as:

K, = AeY {3
Kz =B OBV (4}
v
K3 s c.y (5)
~ K
at 6 sin o = 3 (6
D D Kl _Kz )

Iz Equations (3) and (4) the exponents aand 3 are equal. By substituting Equations (3) through
{6) in Equations (1) and (2)

av

MDPR : Ae  sinf tor @ <§

(1

(?7)

ay

MODPR : Bs sin@ + ce”V for 6>60 (8)

6y - C/A—Bc(y-a'y

A more simplified form of Equations (7) and (8) is:

MOPR = Eo2” sinf +Fe’” (9)

where

c .(y-a)y
A-8

m
“

Aond F =0 for 8 <

m
"

c .(‘/-a)v
A -8B

B andF 7C foer 8 >

Values Ior constants E, F, g and y hive been evaluated for all Class C materials. These con-
stants are listed in Table VIII. 017 the many classes of materials tested, Equation (9) has been
found to apply to the plastic laminates {Class C) and some of the ceramics. Further work is
belng conducted on the other classes to see if thoy n:ay fit the general equation (9).
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3. RAIN EROSION PHENOMENON

The 'ogs of material by rain erosion is a complex phenc.nenon which has been studied in
recent years by the University of Cambridge and the Royal Aircraft Establishment among
others. The radial flow velocilies associated with water drop impact at 90° have baan mas-

————— 2

Sursd ab © w S ilmes ne impact velocity. The dynamic.or impact pressures on the face of
materials at normal impact can be calculated by the water hammer equation:

p= pcv
where
¢ = compression wave or acoustic velocity
fluid density
impact velocity

-}
1]

At 3000 ft/sec this pressure is sapproximately 194,000 psi. It is these tremendous high
pressure pulses which induce excessive tensile, compression, shear and combined stresses
within a material, causing failure.

4. FAILURE MECHANISMS IN MA'IERIALS

The mechanism of failure within materials varies according to material type with elasto-
meric materials failing adhesively through transmission of the shear stress to the substrate
breaking the bond. Plastic-like materials and soft metals deform under impact and flow
plastically resulting in craters and pits. Isotropic ceramics and hard metals are eroded by
work hardening and subsequent fracture of small imperfections in the surface. As these
imperfections are removed, protrusions are formed against which the flowing liquid acts to
exert a shear stress and iurning moment, causing failure. All these mechanisms have been
observed in this evaluation series.

6. CALIBRATION RUNS

To investigate the effects of sample position on sample damage both vertical and left/right,
four standard or calibration runs were conducied. The wedges for these runs contained 80
samples of material cut from the same sheet of Plexiglas, Calibration runs were made at
Mach 1.5, 2.0, 2.5, and 3,0, Data for these runs are shown in Figures 12 through 15. Vertical
and left/right positions are shownin Figurel6. Left side losses are represented by the dashed
lines; right aide losses are shownby solid lines. In general the data is random at all velocities

and for all angles with the left and right curves crossing without indicating any pattern or
trend,

This random weight loss effect may be explained in terms of probabilities of drop size
distribution experienced by any particular single exposed sample. It is not difficult to imagine
that a sample on one side of the wedge could experience impact with a somewhat different total
pumber of drops and average drop size than the other side when traveling 6000 feet through a
tube of air in which random size water particles are dispersed.

It may he concluded from Figures 12 through 15 that there are no serious effects which
make the samples position dependent. Positions 1 and 8, i. e., top and bottom, at 60° show
somewhat greater losses than all samples at the same angle in positions 2 through 7. This
becomes more serious at the high velocities and can be explained only as an end effect in
which the wave pattern differs from that which is typical over the center section of the two-
dimensional wedge. The normalizing tondency of sluggering samples on either side of the
wedge partially overcomes this effect.
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Figure 16. Sample Position Numbers in Wedge

When the 16 data points for Plexiglas. material 1-2, were averaged fo: the same impact
angle and velocity before plotting the curve MDPR vs sin 8 or erosion rate vs normal com-
ponent of velocity, the same curve was produced as was obtained from a run in which only
two data points per angle were available. This 18 an indication that two samples exposed to
the same test conditions is not too small a sampling to yield reliable data,
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SECTION VI
EVALUATION RESULTS

Fach of the materials is discussed Individually. The presentativ. and evaluation includes

a description of the material, an indication of important properties, results and treatment of

erosion duta. conciugione ramurding tha mntaminl nod TCllnunsudaiivus ur il improvement,

It is again emphasized that these materials were not specifically designed or prepared for
SUPSIGSAIC Talin STus.un resisuamcs and any poor periormance in the rain envii.-ument by no
means iniicates any criticism or disparity in their utility for cther nonerosive upplications,
Further, any outstanding performance in the rain should rot b taken as an endorsement of
these materials by the Goveinment: it is rather a function of the niaterials properties and
their relationship ‘o erosion resistance,
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1. CLASS A - ISOTROPIC CCRAMICS

A-1 Fyroceram 9606

Pyroceram 9606 is a glass-ceramic mutsrial deve'oped by and propriewary to the Corning
Glass Works. It has been used extensively for missile radomes in the supersonic range and
remains one of the best avsilabie materials in lerms3s of bolh COSt and overull Perormance.

This mataria: 1sa centrifugally spun or caat in a femsale mold in the glass form after which
it is rough machinod. Final grinding is completed titer conversion to the ceramic stage.
Dielectric proporty tolorances are exccllemt because of the close control of batches, and
finish machine tolerances to provide precision radomes.

It has zero porosity. good flexural strength, moderate thermal expansion properties and a
high use temperature. It may therefore bo consi‘iered to be good in thermal shock resistance,
depending upon the wall thickness for a spezific application.

Pyroceram 9606 is not as erosion resistant as highly dense alumina or beryllia but is more
resistant than cordierilc or fused silica of the isotropic ceramics. Specimens of Pyroceram
9606 were undamaged in all positions at velocities up through Mach 2.0 The 60° speciment,
were eroded at Mach 2.5 and 3.0 and the 45° spev:imens were also damaged at Mach 3 ~.
Otharwise the material exhibited good erosion resistance,

32

¢ S —— mmmm ! '

s ekt o B b ol




AFML-TR-67- 64

WYI800IAg 2006 Iu] Bl8( ofeme( uotsodq ufery ‘11 odnBiJ

t IF¥iA

NS LMy

AR WMY- Y S0Y-MY CHuon
-4 -1 Y MY GV . sved)se01.a

AFHL 0TS @47 NWYAHOTICH L/ AvHSOdd AAYN-3D8O4 BV L,

NOLLYATIVAS TVINILYIN NOISON3 NivY

— . = s i m e e

M IS YRy town

Net WAV § o
fung-37em 1834
wo T I2I8 COMG HVIN
L K% 4 N vy
e vy S AD QW
2= TN Y IV
. _ . LI VY B
i, 4 _L
5 (31l T oy Lovem!
NET I L)
it .‘E mﬂn -
M ¢ o -1 LAY 1

L il LAFY
MOVHL OF'15 G4Y NYWOT70H 1Y MYHOCUd AAYN-IOUOa &IV LNIOM
NOI.LYNTIVAI TVIG3LVIN NOISOH3 NIVl

b I RY- A

Y [ vaW)

20:4 LM

WwY-mmy ¥ 10D 200 (.en 90
MM HMT-067 WCV-2NT GRDV-MOT  EB- L0 mvebissotum

HWIVEL Q36 H4Y NYAOTTIOH Ly RyHO0Hd AAYN-30404 H'Y LNIOr

NCILYATVAI TWIY3LYA NOISOM3 Nivy

(w0 !llav'j P o W s
GIEO FOEY ANEV SLDU GV DO ’
- J Wt dinr 11 un
poso P oang-§T udew i3
~ ’ q m S o T 4218 4080 NYIWN
et S
. m Jyat g7 ILVE Nive
ooed m Suom 110 By AR Qinm
wee n wiexuly q0p IVIgIivA
—— gre———
. *
¢ 30t 1537
LR L “ L
N1 W08 5% 3TONE LIVd
= (e Y -
A } : PN
p ! 3015 4 MDIE
s ML L
-0 0 -t - ax 000 - 130" PR TR
o -an WY -1 - o W0 -200 [ wo/wbdiEs0" 2a

W3/di Q305 83Y NYROTIOH Ly WYHUDCHd AAVN-3DHOJ 81V LNIOP
NOLLVNTIVAI AIVIY3ILVYN NOISOH3 NIvY

A SN B L At e £ L L T R e s el Bt AT il e it bt et o b, S DR

>3
™




4o - TEREORGEINBA i fﬂm ,aii'm

A WA

AFML-TR-87-164

A-2 Pyroceram 9611

This muterial 18 4 developmenial formof Pyroceram w.ad has 2 higher censitly and diclectric
conslant than the 9606, It has zero porosity but lower flexural and tensile strength. Since it is
both deveivpmental and pruprietary, very limited information is available,

This material, in general, perforined Letter thun the glasses tested but nct as well as the :
9606 Pyroceram, alumina, or beryllia, Up through Mach 2.0, performance was better than 4
fusea silica; at greater Mech numbers its performance was unsatisfactory at all impaci ‘
angles. Upon failure the material dices siumilar to certain types of safety glass with small,
round-edged pieces, but without noticeabls surface erosion.
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A-3, A-4, A-5 Alumina

Three represeniative high grade aluminas were furnished for evaluation by two suppliers.
Alsimag No. 763 alumina from the American Lava Division of the 3-M Compuny was tested
on the rame run with Western Ccld and Platinum Company Wesgo AL-300, and Wesgo
Wearox gluminas. Properties of these three malerivis are similar (see table Vil). All three

L e Ve ccameesceoc B T el o o .- - . ow .
ara beminal of tha alumin: SRTials Cumzvaly in USE Ju covoaal wibsiiv ByBiCIE.

As a redome material the high grade aluminas have the greatest hardness, elagtic modulus,
and fieaural streagths of the isotropic ceramic materials considered in this proygcan.
Porosity is zero with dieiectric constanis raaging between 9.6 and 9.9, These materials
make excellenl radomes if the particular wall coastruction at the design frequercy is within
the a:lowable thermz] stress limit. Cost is likely to be somewhat higher than for some other
ceramics because of relatively high coat diamond grinding.

Of all diclectric materials uvalusied tbese materiais show the greatest rain erosion re-
sistance. At Mach 3.0 sud 2.5 no moasurable damuage was observed for tha Alsimag 753
alumina; & . Wesgo AL--339 awd Wesgo Wearox were eviluated oaly at Mach 3.0. Since frac-
ture did ocmr in e 753 amd Wearox specimens al 60° at Mach £.0, the AL-300 may be
slightly supcrior in rain erosion resistance. It is likely that this difference results irom a
smaller grain size within the AL-300 material.

36
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Dense beryllia ceramics are manufactured by several companies in the United 5tates. The
numper 18 very Limited because of the toxic effects from working with the materia) in the
powder, dust, or vapor form. Special processing facilities are required to protect the workers
from these potential health hazards, This does not mean that beryllia should not be corsidered
as a candidate radome material. It means only that the special facilities tead to raise the
cost of procicts made from this material. These companies currently have the capability of
manufzcturing large size radome blinks. They do not however have the finish grinding capa-

bility; this finishing would have to be accomplished by companies having such grinding equip-
ment.

Beryllia has an exceptionally high thermal conductivity, comparable to that of aluminum
metal. Combined with fairly high flexural and tensile strength this material can be expecte:l
to provide good thermal shock reeistance for many raissilc applic..tions. Its dicleciric prop -
erties are excellent and it is nonporous, The hardnuss appro..ches that of aiumies which
should make it very resistant to rain erosion.

The Alsimag 754 beryllia specimens were provided by American Lava Divisicn of 3-M
Company. The teet specimens for 60° at Mach 2.0 were broken rather than eroded. This
occurred before the britile materials were potted and additional sarapics were not available
for rerup. This is obviouc from the samples showing mo damage at Mech 2,5. Weight loss
at Mach 3.0 is very minor indicating that beryllia may be rated second only t¢ high grade
alumina.
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A-T Cordierite - Alsimag No. 701

Cordierite (2MgO.2 Alzoa- 58102) is of Interest for radome manufacture because it is non-

proprietary, has good dieleciric properties, is fairly hard und hus medium strength by com-
parison with other corumics. It has the disadvaniage of being -lightly porous und would, there-
fore, require a sublimation type sealer such as Teflon. This material has a relativelv narrow
firlng range requiving precision firing control. Otherwise it can be manufactured essentially
with the sume slip casiing or pressing processes as silica or alumina,

The cordierite avaluated in this program is the Alsimag No. 701 furnished by the American
Lavu Division of the 3- M Company. Generally cordierite can be rated between 9606 Pyroceram
and 7941 fuced silica in erosion resistance, The surface eroded muasurubly at 45° snd 60” at
higher velocities. All samples were potted including the Much 2.0 specimens.
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Figure 22, MDPR vs Sine Impact Angle - Alsimag 701 Cordierite
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A-8, A-9, A-10, A-11, A-12 Fused Silica

Fi7e soparate fuscd silica materials werce furnished by three suppliers: (1) one {rom
Corning 7941; (2) throe from the Pomona Division nf General Dynamics (GD/P); ami (3) one
from the Brunswick Curporation. Of the three silicas from GD/P. Tvpe | was silicon couted.
Type Il Teflon coated, and Type 1iI uncouated. A.l five may be considered as representutive

of the available materials from many suppliers. From the data of Table VII the 7941 is
likaly of highar atranath than the othera tested,

in spito of & serious porosity problem and lack of strengtb the fused silicasg have Lo lowest
diclectric constant, loas tangent, and thermal expunsion of any of the ceramics. . is the bost
availuble material in thermal shock reeistance, has a very high peak use temporaturo, and
ablatus clearly above the solienlug point. There are certain applications where fus:d silica
may be the only material capable of mueting the thermul environment at very high heat flux
tevels. It miay also be attractive for some applicetions from a cost standpoint.

In obscrving the results of fused silicas Types I, 1X and 11 the damage Is very similar The
data has been combiuned to average the weight losses using six samplez por angle insteud of
two. MDIPR equations were develonad for bolh 7941 and the GI/P gilices producing constuuts
whick indicate the GD/P silica is slightly more resistunt than the 7941,

‘The fused silicas 18 a group are the pooresti ceramic materials evaluated, When using this
material for any missile radome the impa:t angles should be vory smali and metallic nose
tips should be incorporated into the design where feasible,
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lher PA: camdwich aiUMIDEG oxble “Bdon: coleiMucdon Do vl evelgpad a8 1 po gilial
mean of extenbing the thervial cacalihity of aluripum oxee, tor redurcegd radome welghts,
Antd 10: certaln LRcadisdy’ AFplcausnn, Fracueal clecrioal desipns of wall comssiructioi o

this malerial pecessitate oolatively ‘hin slans (C.020-0 0407') amd tow dielactric corer for
skin~core maiching. The overall best compromise in achieving good electrical perforrunce
+nd sat sfacwory thermal shech resisiance necesusiates the use of about a 1 gm/ce foamed
corc with a 4 gm/cc high densily skin. This combinution allows thermal fracture within the
core rather than the shins umder 3everce heating rates yet allows for reasomnably bigh akin

strengths.

Alumina “A?* sandwich samples having 0.020 inch gkins were supplied by the Brunswick
Corporation for evaluation et all four Slach pumbers. Two additional sets having 0.040 inch
sking but with the gara core denrity ware furnished, one each fivymm Brunswick and Narmco.
for evaluation at Mach ¥ 5.

The fabrication technology for comstruction of small radomes by this method bas been de-
voloped by scveral companics. Although there are ccriain disadvantages imecens within a
ceramic sandwich construction, it skould be considered as a manufus:turing method which is
achievable,

There are no significant erosion differcnces beiween the Materials B-1, B-2, and B~-3 from
two suppliers and constructed by different techziues. The same 0.040 inch skins and similar
core densities of the two materials rasult in very similar damage wh  :ted at Mach 1.5,

The B-2 alumina sandwich with » L gm/cc core density with 0.020 inch skins was evaluated
between Mach 1.5 and 3.0. Except for very low imypact angles, this msaterial was severely
damaged at Mach 2.0 and above. The cause o: failure of these composites is the low com-
pression strength of the core material ailow:ag impact failure of the thin outer skin. Weight
losses for these materiunis are not conveniently presentable in graphical or equation form.
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3. CLASS 2 - PLASTIC LAMINATES
C -1 Polybenzimidazole (BB Laminate

Several high temperature resing are being considered for laminate applications in the 600°F
range and polybenzimidazole is one. These laminates are processed from preimpregnated
sheets of glass cloth which contain a prepolymer of the benzimidacole. By a comkbination of
various catalysts, high temperature and mcdsrate prossure, the preprog sheets are formed
into laminates. A port cure of scversl hundred degrecs Fahrenli2it is normally employed to

. fully develop properties of the fialshed laminate. A dark brown color is characterlstic of the

cured lauminate., Poor welling of the glass cloth by the polybenzimidazole resin results in
iuminates which sre dry; i. e,, not rich in resin. 1hesc laminates typically possess 10 o 20%,
porosity with excellent flexural and tensile strengihs. The PBI (Imidste) laminals specimens
were fiirnished by Narmeo R and L Division of the Whitltsker Corporuation,

I'he PBI laminuates were evalualed at velocities from Mach 1.5 W Mach 3.0 with increasing
erosion as the spooed increased. Erosionof these laminates was found to obey the high velocity-
shor! exposure time equation developed in Section V-B. IFigure 13 shows the mean depth of
penetration rate as a function of the sine of the impact angle and the constants for this PBI
mz‘eridl are summarized in Table VIII.

The erosion of the PBI laminale was more severe than that of the epoxy laminates, com-
parable to the polyimides and less severe than the silicone or inorganic laminates.
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C-2 lurane 8265 Fpoxy Laminate

Kpoxy rosins arve widely used for many applications and their utilization for rudome lamj-
nites is extenclve. Inwerest in higher use temperature:s has prompted numbee of comparnies
te develop epoxies with good temperature capabilitics. One such resin is the Furane 8266
apoxy of the Fursne Plastics Company which, although durk brown in color, retains its truc-
tural propertics tor lung periods up to 450°F.

aminites can be prepared by conventional press techniques with zaro porosity anl geod
flasniral and comuresaive stroneths. Lhe luss tungent of this lumninate Is reasonebly high at
0.01%. ‘The specimens whichwere evaluatedin this series were provided by General Dynamices/
For-t Worth Division,

‘ihe performance of the Furare laminate wad outstanding at Mach 1.5 with no mcasuralle
erocicn. As with the VI laminate, erosin:: increased with increasing velocity and the <rosion
raiec (MDPR) was found te vary directiy with the normal component (8in 8) of the volovity of
impuct. The consiantg for Furene laminates are found in Table VIII and agreement with the
equation was excellent, The Fursae epoxy laminate alongwith the Epon ¥28 epoxy had the best

cros;on recistanee of the uncoated luminates evaluated,
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Figure 33. MDPR vs Sine Impact Anfle - Furane Epoxy Lamnate
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C-3 Epon 6828 Ipoxy Laminate

Perhap the most widely used epoxy luminating resinis the Epon 828 xesin of el Chomley
Company. 'This c¢poxy is normally press formed with an amine catulyst to oromote cure
Fomvinates of this epoxy are good to 450"Y for up to 500 hours with retention of »ihv-eal prop
ertice. Zegcu povesity, dark green laminates can be fubricated which hove vdensity o

1.6 g/cma.

The Epon 838 laminate is so widely used that it was selected as standocid Lubstrate oo
which (o evaluate clistomeric, ceramic and nickel coatings All Epon 828 Jiminates wir :
furnished by NAVAIRDEVCEN,

The uncoated Epon 828 luminute was secorndonly to the Furane in resistunce 1o riin impaci
At Much 1.5, there wus only a irace of erosion in the €07 sumples v/ith all ofhe s untouched
At Muach 2.0 and 2.5 the erosion rate was compurable to the Furane cpoxy. Agreement with
the ruin erosion equaiion was once again good and constants were derived (sec Tuble VI
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Figure 35, MDPR vs Sine Impact Angle - Epon 828 Epoxy Laminatc

C~4 No Specimens

This numbser was assigned to an epoxy laminete witu the upper plies loaded with alumina.
However, fabrication difficulties forced its elimination from th: program.
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C-5 Polytinide Laminate BMEC 1337 Scaler

The polyimide luminate is ancthex GOG°F plastic strooturs! materiel holng considered for
zupersonic fransyorl (and advanced wmissile) applications. Thesy lundnotes ave fabricated
using a4 prepreg cloth, high temporature and pressure cuieo and poat cure, ‘The polyimide
laminate bas helter oxidalive stability than the PBI Jmininate und hence ceteins its phycical
vroverting ag well nr beusr than the PRI althoagh its initiad physical proportios are lower.

'The polyimide xesins resemble the PBI in dark hrown color and peor welting of the glasn
sloth, la order o overcome the porosilty which rosulls, a seaisr such as A oaliconc osin W
fill the porus is advantageous, The polyimide laminates with BMEC 1937 silicone sealer
were supplied by Doeing/Airplane Division,

The data for the sealed polyimide laminate once again followed the rain erosion equation
developed earlier. However tho sealer inhibited the erosion of the luminate as compared to
the uncoated polylmide laminute (Specimen C-6). Al Mach 1.5 the 3ealer was partially re-
moved on the 45° and 60° samples. This removal was considerably more pronounced at
Mach 2.0 but there was littie or no damage to the laminate itseif. Constants for this material
in the rain erosion equation are located in Tuble VIII.
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Figure 37. MDPR vs Sine Impact Angle — Polyimide Laminate BMEC 1437 Sealer
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C-6 Polyimide Laminate (Uncoated)

Another advantage of the pulyimide resin over the I’B] is its processability, The laminates
from polyimide sre more eadily fabricated using previuusly described icchniques, A cora-
merxcially availabie polyimide is Skypuard 700 of Moni.anto. Laminutes of this resin were

prepared by Brunswick Corporation with den=ity of 1.7 p;/cma, flexural sirength of 60,000 psi
and loss tangent of 0.015. These laminutcs silil appeared dry, not as rich in resin as the
epoxies, but richer than tho PBI,

The erosion of the uncoated polyimide luminate falls Letween that of the FBI laminate and
the sealed palyimide in severity. The domage was moderate at Mach 1.5 and increasingly
severe al higher spceds. Constants were once more uerived which fit the high velocity~short
exposure time equation,
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Figure 39. MDPR vs Sine Impact Angle ~ Polyimide Laminate - Skyguard 700
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i C-7 Nomex Epoxy Laminate

The Momex Nylon fabric is widely utilized in many laminate applications becuuse of iia
fabricability. The Nomex impregnatcd with a Dakelite epoxy esin is being considcred for
some advanced missile applications, Although pussessing low density (1.38), Nomex lumi-

nates have zero porosity and a light tan color. Specimeus from Boeing/Aerospaco Division
were evaluated.

The erosion rates icr the Nomex epoxy laminates were slightly greater than the Furane

was siill greater thun ihe other epoxieg hut iesa than the high temperature plastic laminates
(PBI, polyimide, and silicone). Constants for the Nomex laminate in the eguation were de-
termined. (See T'able VIil.)
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C-8 DC 2106 Silicone Laminate

Silicone resing for laminating purposes have not been too widely empluyed but the most
cxtensively used is the Dow Corning DC-2106 silicone, A set of specimens provided by
NAVAIRDEVCEN wag evaluated at Mach 1.5 only and erosion resistance was the poorest

for any nlaatio Inoineta avahiatad  Specimans avan at 307 wara madarataly eroded al March 1.5
toy any nlaatio . ! v

and this was not noted on any other plastic laminates at this specd.
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Figure 43. MDPR vs Sine Impact Angle ~ DC 2106 Silicone Laminate
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4. CLASS D -~ INORGANIC LAMINATES
D-1 Filament Wound Alumina-Silica/8 Gla:s

The inorganic luninates are of interost bocause of their very high temperature capabilitios
(up to 10060°F). These laminates evo pro-eseod inmuch the same way us the plastic luminatese
except an inorganic lmpregnating binder ig uged. One guch siructural matevial is continuous
filamant wonnd Segluce laminata i, whink tha hinde: (3 an alumitiia-silcs mixiure, Tne jami-
nites prepared from this combination arc cured at high temperature but arc poorly formed
and contain noticeable voids with a grainy, oriented surface. Lockhecd Company, Missiles
and Spave Divisiun provided numpies for avaluation,

Of all laminated construction examined in this program, the filament wound alumina-silica-
S glass was eroded most sevaorely. This is in part to be expected hecaus. the orientation of
glass fibers introduced by the winding process would reduce the strength of the overali rom-
posite.

At Mach 1.6 damage was observed o the 60° spacimens with only slight erosion at 45°, At
Mach 2,0 and 2.5 the 60" specimens were conipletely gone aftor exposure, the 45° specimens
v _.2 pcaetrated and the Jv° and 90° samples domaged badiy.
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Figure 45. MDPR vs Sine Impact Angle - Filament Wound Alumina - 3ilica/S Glass
Laminate
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D-2  Aluminum Phospbate - S Glass Laminate

The aluminum phogphate - S glass Jaminaie is another inorganic comnosition which has
regeived wile nonsideration becsude of good thermal stability, ‘This laminate is prepared
from aan acid solation which reects with the gless cloth and then is fired lo complete the
cure,

The high porosity and low compressive strength of AIPQO, laminates mako them hight
E 4 y

susceptible to rain erosion damage aven subsonically, Specimens of aluminum phosphate-
5 gigwm were suppiied by Brunswick worporation,

Evalvations at Mach 1.3 indicatled the A1PO 4 iaminates to be comparable to the DC-2106

gilicone at this velocity and slightly better than the alumina silica~-S glass materials, At
Mach 2.0 and ahove, the §0° samples were completely penetrated with *he other posuitions
showing progressively greater crosion at higher speeds. The rubber pads with which these
matoriale were backed up were also eroded at the highoi velocities after the phosphate was
gone. It can be stated that the better wotling, higher physical sropesties and improved in-
tegrity of the plustic (organic and semi organic) lawminates are essential for rain erosion
rsistance. It is the lack of these properties which are the woenhness of inorganic laminates.
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Figure 47. MDPR vs Sine Impact Angle - Aluminum Phosphate Laminate
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6. CLASS E - CERAMIC-COATED LAMINATES
E-i and 1-15 Precast Alumina/AlPO4 Laminate

The casting technique iur depositing thin dense ceramic coatings is used {for a number of
materiale incleding 5iliza and alumiua. The wiuming is cast on a high temperature substrate
and then sintered to densify it. For flat plates, thickness ccntrol is good but thin wall casting
in radome chapes involves intricate metal molds,

The thin precast coatiugs are then bonded to the laminate substrate using an adhesive or
the laminate may be laid up directly on the cast coating. The over-all protection of this Sys-—
tem depends directly upon the quality of this adhesive bond. Further, as with thin ceramic
coatings prepered by any technique, the moduius and strength of the substrate compared with
the ceramic coating also has a significant effect on the erosicn resistance of the entire sys-
ter. These samples were subniitted by the Brunswick Corporstion,

The 0.020 inch thickness of precast alumina (Specimen E-1) was evaluated at aj] velocities,
to Mach 3.0 with increasing erosion at higher speeds. Limited protection was afforded the
aluminum phosphate at Mach 1.5; the coating was gone at 60° with n-inor damage to the lamj~
nate and the other positions were intzct. At Mach 2.0 the laminate vas more damaged at 60°
but the other pusitions were only slightly damaged, The 6¢° samples ¢ Mach 2.5 and 3.0 were
completely penetrated through the luminatc and the 45° specimens had the coatings removed.

An 0,040 inch thickness of Precast alumina (Specimen E-15) ovar A1PO 4 Was evaluated at

Mach 2.5 only and showed similar rerformance to and slightly better proteciion than the
0.020 inch thickness. In general, the adhesive bond on these specimens was quite satisfactory
with small pieces remaining on the la{mxmte ever after considerable erosion had occurred,

72




. AFML-TR-67-164

 MOVHL 0316 94V NVAOT .OI LY NYHO0ud. AAVN- mu&Ou yivy FZ_Q.. !

djBurTIIE] vOn.:< /BUIWIN[Y 388903d YOUl 0Z0 °0 10} BIe( ©3BWE( UOISOIT UFBY ‘6% oindyg

09-0) 1e/096c-Tv-00M

ﬁVb-‘J .J-‘ Rive
"1 N 2 3w
: Tunyoywew - asaL
© wwgt 3RS dowa z«uz
MUIST . 3avM N
Ywsung a0
wujon? oatvurenty 5vd 200 Towave

A 1439

=gt 310NV LWdm)

N

32 Ty RO-WE0 YZD-%120  P0V-D00 O0V-NOD . (u dow

3018 LHOWY

: H
AR

gd L 0] a.— 90E°T aﬁd ﬁ-d §10°0-51°0 gd a0 AEu\ESnno.:;.

i
i

T

i
!

. zov_ﬁ._..w.oqd>m_.,u<_mw,._.<2 NOISO¥3 Ni1VY

e

24197004 Nive
vens 0001 ety Aecd 5008 0000 @

[ - b i '}

d 9961 190 € 31vo
“ Suny - §2 Yoy 1531
WWel IS JOHO NYIW
—— 62 31¥Y NIVY
) AIIMsunIg AB 03N
speujwe) POd VL Ny 10E000d G200 IVINI LYW
B
301S 1431
LOf 3 319NV 10VdH
Va |

. 3015 LHOIY

000-0000 1RD-$ZD RT-WOO  B000-0000 2070 - 0000 113 40N

9000-0000 00T-¥60 1900-6M0 AODV-0000 6000-0000 (W/wh}gs0T L

WIVHL GF1S 83V NVAOTIOH LY WYHO0Hd AAVN-3DHO4 div LNIOr
NOILYNTIVAI IVINILYN NOISON3 NIV

o 334..3!.. Nivy (r9-1) 1C/0ME-Tv-20v8
' 9941 1snbny ¢ 3ve
N S uny - 07 YW - asi
rm ww g IZIS JOND NVIN
| . ; :
13 SR 31V Nive
in
m - pwsunug A9 oin
4 fovor B 32_5.222.3233:._ =00 WIILVN
; st .
. § 3051430
e g ] . o
K T FIONY LOVdNI
SRR o E B _ 301S LHOIY
T EBUS00V: #00-000° 100-G00 oWV~ mmw 0000 - 0000 ) wom
000-1000  0RD-€RV. M0V-000 1000-1000 1000~ 120T ....a}.sn.o,_;

¥OVHL GFW6 82Y NYWOTI0H LY WYHOOHd AAYN-33HO0J BIV LNIOF |
zo_._.<:1.<>m “IVIN3LYIN NOISON3 Nivd |

ERS RN IR { 978 L3 € Lotee o

) A0 NIvY
908 SIS 280 o."a bD—On o0t °
s L
° 9961 2unr 62 31va
hooor X £UNY ¢ U 1531
— Slf 8 Wwe'l  3ZIS dOWA NVIW
. 000t

= RIET R 44 31¥¥ NIvE
zeam Yomsunig A8 C4W
oo HRUIWE VOdIVIRUILNY 1582008 0200 INEILVH

' ey {FE—— - 1«

i

: ' _ i 3015 1437,
" i
= - U [P DR ——
8 oSt o0t oS! IONY LOVINI
v K‘ =
p 3L 1ML
- xw U 50

92070-2010 Wi d 0

%00 - 18C0
HWOVHL G31S €4V NVINOTTOH 1V AVHO0Ud AAVN~3DHGH MV LNIOT

NOILVYNTIYAI IVIUILY!Y NOISOYI NIvY

(warwbjsso 1 &

To9-0) 16709 -TV-00Y

73




RS PSR R T ——

B P

AFML-TR-67-164

SJBUTWE] won:< J/BUTWR]Y 35BA9 {d YOU] 0¥ "0 X103 B8 98eme( ucisody uey 09 sandry

O T o T U S . e TPt PR Y ~ ot § thor ML

o 2uva
song - 57 ow T 7
wuyl B218 CMO XVIR
Supn§7 1L¥E Nive
PN AR Odn
£ swvien Podwmane wmid D09 TrRdive
- ‘“ i Y
p ﬁ M 018 £33
IS S
nOn _M.n_ FTONY 12vdn:
301§ L1HOY
1
. . ¢ G
00C-7000 ZOT-€00 {(wRrgam

RV-5000 [190-560 00-(P0 P0V-H0V FOTV-E00 (w/wBiES0 M
WOVHL 31§ 84V NYNOTTI0H 1y AvHOOHd AAYN-IIHOA HiV LNIOr

NOILYNTTVAI TVIH3ILYI NOISOH3 NivH

74

O PO U gyt Ny ORgpr P




T TR R e e

LR T T TR AL TN S RO

.

o ——— T -

PRECKDING PAGE BLANK - MOT FILMED. |

AFML~-TR~67-164

E-2, E-3. E~4. E~11. E-12 TPlasma-Snraved Aluimina Nver A1DO Silina .

Alumina- S Glass or Polyimide 4

Tho plasma spraying toohniguc s anoihisy meihiod belug Widely ewmpluyed fur prepuring
thin, dense coatings of ceramics and metals. In this process, ceraniic particles are injected
into an electrically heated, very high temperature inert gaus stream which me'ts and accel-
erates the particles so that upon impact with the substrate they deforin and bond to the sur-
face. The degree of melting of the particles depends on the particle diameter, deusity and
thermal propertles and the enthalpy of the gus siream. Not only can a number of materizls
be depesited on a number of substrates, but composite coatings of several materials can
be applied simultaneously. The coating ran be applied directly to a laminate substrate if it
has high temperaiure capability or on a high temperature mold and the laminate Iaid up or
secondarily bonded. The performance of these coatings is once again highly dependent upon
the «treayth of the substrate. The plasma sprayed coatings over aluminum phusphate and
polyimide were supplicd by Brunswic: aud those over alumina-silica-quartz glass were
turnished by Lockheed,

Two thickness2s{.020 inch and 0,040 inch) of plasma sprayed alumina over aiuminum phos-

" phate laminate were evaluated at all velocities to Mach 3.0. The «juminum phosphate was used

because its high temperature stability cnabled direct depositivn of the alumina on the laminats.
In general the plasma sprayed coatings were eroded more severely than the precast or flame
sprayed coatings even at the 0.040 inch thickness. The thicksr coating did yield more pro-
tection at Mach 1.5 and 2.0, but at Mach 2.5 and above this effect wus negligible with little
additional protection afforded by the extra thickness.

Plasma sprayed alumina over alumina-silica-quartz glass and polyimide laminates were
evajuated at Mach 1.5 and 2.0 respectively. The alumina over alumina-silica-yuartz glass
exhibited the lowest erosicn resistance of the plasma sprayed coating-substrate combinations,
The alumina over polyimide performed better than the alumina over ALPO 4 Once again this

erosion resistance can be tied directly to the substrate strength (polyimide stronger than
AlPO 4 Stronger than alumina-silica-quartz glassj.
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E-5, E-6, E-9, E-10 Flame 3prayed Alun'*na Over PBI and Polyimide Laminates

The flame spraying of ceramic materviald has been widely used for coatings o« radomes,
compressor blades and many induatria) applications. In this teehnique which 18 similar fo
plagma spraying the spraying gus 18 oxidizing rather than inert and combustion of these
wages  produces the heat for melting the particles. Oxvgen and acotelona uee the fanl winey
and the materials may be fed in the powder, wire, or rod form. The principal differcnce in
the alumina coatings produced by these two methods is that the flame spraying produces
alumina in the gamma form which s o orystalling, low deuwsity fussn while plasma spraying
produces primarily alpha alumina, the high density phage, In the Rokide ‘A" process of
flame spraying, the coallng materiul is fed In the rod form. Once again combinations of
materials to achieve specific compositions can be sprayed together, The flame sprayed
alumina over ¥BI specimens were furnished by Narmco and the: aluaina over polyimide was
supplied by Goodyear Aerospace Corporation,

Flame spraysd alumina coatings in itwo thicknesses over PBI laminates and with and without
chromic oxide over polyimide lamlnufes were evaluated up to Mach 3.0. The coatings over
PBI were produced by powder spraying directly on the laminate, The chromic oxide addition
to the alumina forms a eutectic with considerably improved properties and better strength,

The coatings on polyimide were nsprayed on a metal die using the Rokide ‘*A?! (rod) procens
and then the laminates were laid up afferward.

The flame sprayed coatings over PBI performed reasonabiy well in the rain; however, at
60° the coating was gone even at Mach 1.5, In these specimens the effect of coating thickness
was less pronounced than with plasina sprayed couatings,

The Rokide ‘*A’’ coatings with and without chromic oxide were comparable at all speeds
and yielded better protection than the powder sprayed coatings or the plasma sprayed coatings
(although this may be due to a better bond).

E-7 No Specimens

This unumber was originally assigned to a vapor deposited alumina coating over a PBI
laminate. However, no specimens were obtainable for evaluation,
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E-8 Alumina/RTV521/Polyimide Laminate

An interesting composition of alumina filled with a vitreous clay iz beinz considered for
radome apnlicationa on advancad airereft, The addition of clay greatly improves ihe hardness
of the alumina coating (to Knoop 1000) and facilitates fabrication of radomes with it, The
application of this material over an RTV silicone which acts as an interlayer with low modulus
to counteract thermal expansion differences and 28 an adhesive and then backed up with & thin
polyimide laminate is now belng evaluated, Sarzples of this composition were provided by
Boeing/Alrplane Division,

The dieleotric design of this structure would he difficult because of the differences in
dielectric constants for the three materials. Consideruble experimentation would be required

to establish operating capablility of such a system. Tapered construction of two layers might
also be required,

At Mach 1.5 a coating of 0,126 inch thick alun:ina (71,5%) filled with clay over 0.030 inch
RTV521 silicone over 0.100 inch polyimide laminate was undamaged after exposure. At
Mach 2,0 the €0° specimens were diced into many small pleces but the adhesion to the
polyimide through the silicons was maintained, At Mach 2.5 and 3.0 the 60° specimens were
completely penetrated and the other positions increasingly eroded,

E-13 No Specimens
Plasma sprayed alumina over a filament wound silica quartz giasn laminate were planned

for this number. This would be in distinction to the plasnma sprayed alumina over the silica

quartz glass laminates preparsd by lay-up techniques (Specimen E-11). No speclmens were
obtained for evaluation,
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E-14 Rokide A Alumina (Epoxy Impregnated)/Epoxy Laminate

For lower temperature substrates such ay epoxies, the ‘‘plck-up’’ technique in which the
ceramic is sprayed on & mold and the coating is picked up by laminating directly onto it can
be uged. This muximizes the adhesive bond obtainable for ihis coating-gubstrate combination,

A technique which is useful for sealing the pores in a sprayed coating is to {mpregnate the
sprayed ceramic with an orpanic reein, This resin can then be roum temperature cured or

Tmand miseen A ba manY 14
HAUGAL CULGU W DTdA 1L,

Specimens consisting of a flame sprayed alumina (Rokide ‘‘A’’ process) onto which an
Epon 828 epoxy laminate had been laid up and on which the surface had been impregnated
with Epon 828 epoxy resin were furnished by the Naval Ordnance Laboratory.

The Rokide ‘‘A’’ alumina coatings (0,030 inch) which had been impregnated with Epon 328
epoxy resin and picked up on an 828 epoxy laminate yielded the best protection of any ceramic
coating in the rain field. At Mach 1.5 no damage was gbserved; at Mach 2,0 the coating was
partially removed at 60° with no other damage, and at Mach 2.5 the 45° and 6{1° positions were
damaged but the othors were untouched,

The combination of no porosity of the coating (via impregnation) and the good bondirg of the
plck-up technique resulted in a4 ceramic ceated laminate with good resistance.
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E-16 Plasma Sprayed Alumina (H;PO 4-Treated)/Epoxy Laminate

The plasma sprayed alumina coatings l.ave been investigated thoroughly in a recent Air
Force program (Reference B). An interesting dev:lopment o: this research was that treat-
ment of the as-sprayed alumina coatings with phosphoric acid reduced the porosity, improved
i€ hamiducss and greaily enbanceq ine subsonic ratu eroslon resiatance of this coating., The
phosphoric acid reacts chemically with the alumina particles to give an aluminura phosphate
which seals the pores,

A set of these HSPO rtreated specimens were prepared by secondarily bonding a treated

alumina coating (sprayed on a metal mold) to an epoxy laminate using an epoxy adhesive,
These specimens were prepared by Brunswick Corporation under Contract A¥ 33(615)-3342,

The erosion resistance of this phosphoric acid-treated, plasma-sprayed alumina (0.030 inch)
was as good as the epoxy-impregnated Rokide ‘“A’’ alumina; that is, the best of any ceramic
coating. At Mach 1,5 the specimens were undamaged and at Mach 2.0, the 66° specimens were
the only ones damagced. The coating Was partially removed but the adhesion to the epoxy
laminate wa:: excellent,

Once again these results point out the need for reducing the porcsity of sprayed coatings
and the requirement of optimizing the adhesive bond between ceramic and laminate.
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6. CLASS F - ELASTOMERIC-COATED LAMINATES
F-1 and F-2 0,010 and 0,020 Inch Spruyed Neoprene/Epon 828 Laminate

Although elasiomeric coatings are ususlly used forx subscnic rain erosion nratectinn hacanaa
oI their good protective abilities in that environment, they are not widely considered for
supersonic purposes because of temperalure limitations aad ncor resistance to supersonic
rain impact. In a subronie enviranment the reeiliency 250 rocovery avillly ul The elusivmers
enables them to withstand repeated raindrop impact. At highesr velocities the increased
severily and rap‘dity of impact causes them to fail,

1t was felt that several representative elastomeric coatings should be examined at Mach 1.5
to 2,5, Two such coatings were two thicknesses of a sprayed neoprene (Gates Engineering
Company) applied over anEpon 828 epoxy laminate raade by the Naval Air Development Center.
Tuae 0.010 incii thickness lies within the rain erosion specification coating thickness
(Mi1-C-'v439B) and the 0,020 inch thickness represents an upper limit for sprayed ncoprene -
{because of electrical characteristics and application difficulties), The Epon 828 laminate
was prepared in the same manner as the uncoated laminate (Specimen C-3).

Exposure of the spraved necpirene resulted in no detectable erosion at Mach 1,56 with fu-
creasing damage at Mach 2.0 and 2,5, The 0,010 inch thickness was sufficient to provide pro-
tection and the addition of an extra 10 rails did rot improve the resistance. Ai Mach 2.5 tnere
was less substrate damage at the 45° position with the 0,020 inch coaling but the G0° position
eroded comparebly at all speeds,

0.03I

0.0¢

c.o!

VOLUME LOSS/URNIT AREA/SEC
.

MDPR

1622.2 ft/soc
e

o o 0.4 |06 Jai 10
SINE 1MPACT ANGLE

Figure 63. MDPR vs Sine Impact Angle - ¢.010 Inch Gaco/ Epon 828 Epoxy Laminate
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F-3, -4, F-5 0,010, 0.020, and 0.030 Inch Neoprene/Dacron Cloth/Epon 828 Laminate

To determine the effects of elastomeric coating thickness and to compare prefabricated
bonded neoprene to the conventional sprayed neoprene, three thicknesses, 0,610, 0.02¢, and
0.030 inch of & neoprene over Dacron cloth boot material from B, F, Goodrich were applied
to Epon 828 epoxy la.ninates by NAVAIRDEVCEN, These neoprene boots have a specific
gravity of 1,30, Shore ‘A" harviness of 56, percent elongation of 570 at break, tensile strength
of 3090 psi, and a dielectric constunt and loss tangent, of 3.1 and 0.029 reapectively.

The laminates were once again prepared by the press technique and after cure the materials
were adhegively bonded with a two-part, low temperature cure epoxy adhesive,

Nenprene bootls are widely used in many commercial aircraft but are not accepied for many
military applications. Field maintenance and application are considerably easier than the
sprayed ncoprene which is difficult to work with in the field,

The prefabricated boots of neoprene over Dacron cloth prolecied the epoxy laminate gub--
strates almost as well as the sprayed aneoprene coatings. There was no thickness effect with
these coatings and the 0,010 inch boot resisted erosion as well as the 0,020 or 0,030 inch
thickness, The adhesive bond was satisfactory and failure appeared to be by tearing and
wearieg away of the ccating, No erosion was evident at Mach 1.5 and it became progres-
sively worse at higher velocities.

0.03

G.o2

.0t

VOLUME LOSS/UNIT AREA/ SEC

MDPR

o : g
0o O.g 04 0.6 0.8 10

SINE IMPACT ANGLE

Figure 66. MDPR vs Sine Impact Angle - 0. 010 Inch Neoprene/ Dacron/ Epon 828 Epuxy
Laminate
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F-6, F-7, F-8 0.014, 0,026, arrl 0.038 Inch Polyurethane/Epon 828 Laminate

Three thicknesses of an unfilled polyurethane elastomer were supplied by B, F, Goodrich
and applied to Epon 828 epoxy laminates by NAVAIRDEVCEN usaing an epoxy adhesive. The

nalimrathanss are annthar olass of alastomerio materiala whioh avhihit swnallant neciatanne
to subsonic rain erosion, These coatings possessed s spi3ifie eravity {2 22, Chore “A”
hardness of 78, 640% elongation at break and tensile stremgth of 3450 pai, The electrical

properiies wore moi oo Iwvorabie wiil a divieviric consiant of 5.5 and a ivss iangent of 0.05.

The polyurethane elastomers erode by a suddenstructuralfailure in an isolated area rather
than a gradual eroding away of the surface, Adhesion of polyurethane elastomeric sheets has
always been a continuing problem,

The polyurethancs have excellent sand erosion resistance and are being widely considered
for rain erusion protection as well. In-house research at the Air Force Materfals Laboratory
has indicated an order of magnitude in erosion resistance improvement with urethanes over
neoprene,

The particular polyurethanes evaluated in thicknesses of 0,014, 0.026, and 0.038 inch were
comparable to corresponding thicknesses of neoprene boots in erosion resistance but less
resistant than the sprayed neopreme. Once again no thickness effect was evident and the
0.014 inch polyurethane was as resistant as the others, There was no damage at Mach 1.5
once again; the erosion at Mach 2.0 and 2.5 took the form of cold flow in the surface where
it was not completely broken through, This deformation of the surface into many amall pro-
trusions is characteristic of some unfilled urethanes.
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Figure 70, MDPR vs Sine Impact Angle - 0. 014 Inch Polyurethane/ Epon 828 Epoxy
Lamingte
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¥-9, F-10, F-11 0,010, 0.020, and 030 Inch Hycar Rubber/Epon 828 Laminate

As representative of an elastomer with high hardness, tear strength and moduluc at 1004
clongetion, three thicknesses of a Hycar rubber were chosen. These coatings had a specific

- gravity of 1,368, Shore “A*’ nardness ui 54, icar sirongh of 775 1b/inch, 430K alangation ut

break, and 4030 pai tensile strength. Once agein the electrical properties were poor with
dieleatric nonstant of 5.0 and loss tangent of 0.05,

These coatings were bonded to the Epon 828 cpoxy laminates by use of the two-part epoxy

adhesive previously mentioned, The Hycar sheets which had no cloth backing were supplied by
B. F. Guodrich and the epoxy laminate substrates were furnished by NAVAIRDEVCEN.

The high hardness and 100% modulus of the Hycar rubber are not desirable in an elastomeric
erosion resistant coating. These coatings suffered no weight loss at Mach 1,5 Lut the gurface
underwent compression. This compression at the higher velocities resulted in loss of adhesive
bond and failure through tearing of the loosened coatiig. Once again no thickness effect was
noted but the damage progressed with velocity.

Specimens of F-9 (0.010"Hycar) were not evaluated because damage to the 0.020 and 0.03¢0
inch thicknesses wus so severe that their ornission from exposure was warranted,
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7. CLASS G - GLASSES
G-1, G—Z. G~3, U-4 Glass
Four giuss matorials were submitted for evaluation, These included two Corning Chemcor

glasses (0313 und 0315), 9753 IR Glass, and the Owens Iliiuols C106 CER-VIT. These ma-
terials are of particular interest for aircraft windshlelds, infrared domes, and radome

. applications,

The Chemcor materials (GG-1, G-4) are surface strerngthened glasses in which the outside
gsurfaces have been put into ccinpression, These materlals have extremely high flexural
strengths, zero porosity ard arc good optical glasses when polished, Unless the compression
layer is scratched cr abraded these glasses defy breakage by ordinary abuse,

The 9752 IR Glass is a relativeiy new material for use with infrared systems between one
anG: four rnicrons wavelength, The swinples submitted were ground and ave therefore translu.-
cent; only polished specimens are transparent,

The fourth glass evaluated was ihe G~-3 material, Qwens Illinois C106 CER-VIT, submitted
by the Pocing Co. It is opaque uad milky white in color with extremely smooth surfaces when
polished. The elastic modulus, shear modulus, and flexural strength nre good for this class
of matenals,

The catastrophic type of fracture experienced by all the glass materials tested does not
lend itself to MDPR curves and equation fitting. Generally these materials have less rain
crosion resistance than the ceraraics. As is typical for all glags materials the greater the
strength, the more complete the breakuge upon fracture,

The Chemcor glass, while stronger than most grades of steel, is destroyed by internal
stress relieving after the rain erosion degradation of the cutside compression layer. The G-3
glass showed somewhat less sericus damage thaa the other materials tested at Mach 2.0 and
low impact angles,

110

seeRl e

iy

}m




W U _, g881r, I00way) £160 10] Bie( o8vwieQ UOISOIY uiey 9., aandig

e W I AT R )
'
P l
LIER UCEE t
5 . ] "
ol
o L '
|
|
o 4
| -
. . 4
i —
N
I o
c
[
1
| .
. 1
-
!
| !

G 1 e ,.,:_:i._:_s..i:s_;_..,._,._... B b, WA W e ' . . . s I N T

<

=

te

= R FR A
A ;

=

=




8880 Y] £CL6 107 81B(] 9dvwe( uo(FOIq urey °LL adn3dri

S0 /oS-I

ro ' NAVVEWIWIS - ) b e iy -y waneayt; rorrme—
borderalieradher dr i | omom e -
= T ) ol - e DA ot pin T ] 21} luve
_ _ -4 -0 v i . yuny . 20w 1531
m - 3214 ooue waw'l m o 3218 GONG WYIN
a4
— < gy Ve VY | ———————d g PAREY 4 ¥ NIVY
B M rom sma buwaen 10 o o Sas0m $5R19 Buiv. 0 i oim
] ™ T o8 Tewatew i..m TSmO C3th new

1 . T
_ W8 L2437 K 3018 1437
S L .
L9 Rid TIONY LIvdm) 06 »F TIORY LIVANI
1
ﬁ Iy
308 LMY ‘- .- IOIS LHOIN
28
teHdon @#00-100 : 2000-1200 200-070 (40w
Rd (1 %D WD q2T-aoe e/ 0§80 Lo 2670 - 100 007 - MWD-00D  90I- 0D (I WEISEOT 1M

NOYHL QTS 647 NYWCTIOH LY MYHD0Hd AAYN-IJHO0d Hiv LNIOr

NOILYNTIVA3 IVIN3LYIN NOISON3 NIVY

AFML-TR-67-164

i_.g_:%‘ g o4 ¥

MOVHL Q37 84V NWWOTTIOH 1Y MYHOO0Hd AAVN-3804 Hiv LNIOr

NOILVYNTIVAI TVINILVIN NOISOY3 NivY

112




SOt el g

s __ . W b

LI

W N il dae

AFMI-TR-(7-164

SSEID LIA-HJD 301D 0] uvie(q sfvwmu( uoIsolq ursy

e
s“ b J
e T i
.
N
v
' i

(3098 OV NIVE (p-1) I/Ceec-Tv-2em

P06 GCE SBOn GId W Sem

rl_—l.nl-l.llrlrI* 99 1srbry & 31vo
yuny - 57 wew it -
—_—— m BT IZIS dONG WYIN |
- M g 24vH MIvY
Wn o] -suemg A Odm |
s AA-¥ID 90iC INeIivm

WY L Jvami

3018 1AM

209~ hLM. ELT-GW00 W0TD-0CT i~ dOm

M-I STy a2 0- H00- 40 JWD-Q0V {,wHABIGEOT 4m
WIvHL G375 94Y NYHOTION LV :(mooau AAVN-3DHO S HIY INIOT

NOILVNIVA3 IVIYILY!! £0ISOS3 NIvY

tom

Y ey I

‘gL eandyg

to9-11 W/ocat -ar-20m

(24707 4T Wove
i ideredordiarnieraiiy
A o Y
"l PO 31v0
P Uny - ¢7 yorw L8391
W éT  ITIS JOND NYIN
——— W vy Nivy
SIUHHI] SLMO A9 0N
LA-83 W) AT
N L33
IONY LOovdmi
———— Ili_ §
. 30I8 LHOIN
- -0 -6 (&R daw
€151 - 006 0 -al SEUT W00 -M0T :ad K00 (W whigEnT LM

MIVHL OIS B4Y NYWOTIOH LY WYHOOHd AAVN- -32H04 Miv LNIOP

NOILVNTIVAI TVINILY!Y NOISONI NIvY

[ IRTIEL 2R 8

1249710 Y4 NIV
bt NEt WO it 4- L L[]
- w6l kinr 11 e
fooe g Uy - ¢ Yo 153
M U §7  IZIS ONA NVYIW
Fover 35
2 FILTES ] ILWY Nigy
fonon %
s Stourl)] suamg A8 aim
fovcs 5 WA= M2 RLEN L
. . m e
310NV LOVANI
. . . . . o
3 E § § _E ~B {2 gow

. WIIWB I GELT i m

WovHL a..jm E< NYWOTIOH 1Y AYHS0Hd AAVN-IIHOL HIV LNIOP
NOILYNTTVAI IVIMILY:! NOISOH3 NIVvY

113




AFML-TR-67-164

§SBID) J00WoY) SIE0 X0J BIe( o3Bwie( uOIS0IH ULY

JJ&

6

S T A e

L 2andr

e

ity

LT ‘ i
~UED XD LT T L R
D0, AAYN-E3404 NIV L2100

LY NOISOHT NIvY

Best Available Copy

114




L

N gy "~ i+

|
1
i
J)

.

. v . . .
‘ Q 4|.|'4» by o
b .

Fw N 174”"
[ L]

AFML-TR-67-164

¥, CLASS H - SANDWICH FLASTICY
H-1l, H-2, H-3 Honeycomb Sandwiches

In the interest of trying to develop some quantitative data for lightweight plastic and metul
sandwich structures, the materials H-1, H-2, and H-3 were included for evaluation,

Material H-1 consists of a preformed 0.030 inch autoclaved skin having 3 plys of No, 181
cloth. The overexpanded core was then bonded to the gkin, The resin system is Furane 8266
epoxy. A 0,010 inch sprayed Gaco ooating was then applied.

Material H-2 uses a 0.020 inch preformed Polylraide skin bonded to a 3/18 inch cell
polylmide core material, No coating or sealer has been used on the face of the samples,

The H-3 material i3 a structural sandwich made from 0,010 inch 6-4 titanium skins and
3/16 inch polyimide core honeycomb,

The 8265 Furane epoxy sandwich showed better rainerosion performance than the polyimide
sandwich, This would be expected inasmuch as the skin thickness was greater for the Furane
epoxy; but modulus and strength are also high r for the epoxy systems, Although the data for
these two plastic composites i8 not plotted, the card photographs qualitstively shaw the effects
of both velocity and angle,

The 0.010 inch 6-4 titanium skin/polyimide honeycomb combination, while rot eroded, wase
highly susceptible to drop impact damage at the higher velocities and angles, It is likely that

this combination could be greatly improved by using 0.015 to 0.020 inch outside skin thickness
and a 1/8 inch cell honeycomb with stronger cell walls,
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H-4 and H~56 Teflon or Cork/Nomex Epoxy Laminate

Ablative coatings which char at uniform rates to give a proteciive layer are widely used

for thermal protection of high temperature misaile and reentry systems. Two materials with

oood shilative sharantariating sre Tafion and cork Thin noatings of thara matariala aver an
re Teflon and oork Thin aoating

epoxy laminate such as the Nomex were selected for exposure to rain,

an o

‘T'efion sheei was suppiied by AFML and adhesively bonded wiili un epuay W u NoiueR epony
lamjvate from Boeing/Aerospace Division. A coating of Armstrong Cork AC-2755 sometimes
used as an ablative material over the Nomex epexy laminate was also furnished by Eoeing,

Teflon and cork have exhibited poor crosion resistance subsonically and this was borne out
by the supersonic exposures, The cork coating was more severely damaged at each velocity
than the Teflon aud this was expected because of it high porosity and lack of strength, it can
be stated unequivocally that cork has very poor rain erosion resistance for exposure angles
above 15° at velocities of Mach 2,0 or greater,

The erosion resistance of vork and Teflon is very low by comparison with other coatings
like neoprene and polyurethane, The adhesive bond of both materials to the Nomex epexy was
satisfactory,
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H-6 0.010 Inch Electroplated Nickel/Epon 828 Epoxy Laminate

Not all laminate structures need be electrically transparent for radar purposes. For
structural applications where metal coatings are permissible, such as lightweight, high speed
compressor blades, the use of nickel plated coatings is feasible. In a recent research effort
(Reference 9), the Air Force Materials Laboratory developed nicke! ciatings which can be
plated directly on the laminate itself. This platingis accomplished by sensitizing the laminate
surface, making it conductive with electroless copper and then electrolytically depositing
rickel on the copper. The erosionresistance ofthese coatings is highly dependent on thickness
and 0.010 inch was selected as a representative thickness,

Subsonic evaluations of these nickel coatingshave indicated 10 times the resistance over the
elastomeric and ceramic coatings. The ductility of the nickel (elongation up to 20%) is felt to
be responsible for this resistance, ‘

The electroplated nickel coatings were the most erosion resistant thin (40 mils or less)
coatings at supersonic velocities, At Mach 1.5 and 2.0 the coatings appeared unexposed after
their firings. At Mach 2.5 specimens at all positions except 60° appeared the same way. At
60° the surface of the nickel had been deformed and ridges appeared where it had been pushed
up by the radially flowing water, This phenomenon was also observed cn the polyphenylene
oxide plastic which likewise was deformed on the surface. The 60° nickel plated sa-ples had
lost adhesion but were not penetrated by the water drops.
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9, CLASS I ~- THERMAL PLASTICS
I-1 Polyphenylene Oxide (PPO)

An interesting new thermoplastic material which has been recently developed is the poly-
phenylene oxide of General Electric. This material has good mechanical properties with
tensile modulus of 370,000 psi and low creep properties. The electrical properties are also
quite good with low dielectric constant and loss tangent. .

The material selected for evaluation was grade 531-801 which was light beige in color,
This material had a shear strength of 10,900 psi which is reasonably high for a plastic. The
specimens were furnished by General Electric,

The polyphenylene coxide plastic resisted the erosion completely below Mach 2,5 with only
superficial deformation of the surface and no weight loss at Mach 2.5, This resistance was
most surprising and one of the significant developments of these evaluations. The slight
distortion of the surface was nrich like that of the plated nickel, It is believed the high shear
strength of the PYO is largely responsible. In general, results were promising enough to
warcant evaluations up to- Mach 5.0 and the use of this resin for laminating purposes and
possibly as a thin protective coating,
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i-2  PVolym-thylnethacrylate (Pleovigias

Dolveethvlmethiorylate (Plexigiacy fiad been 8o 1or =@408 13 an o resion reberence snas
toral because of it uniform corpesition Phe type cvalaored nothia S ies v Tane 12104
¢ pPohn: & Pas Compeny whichk conforms to ATl Spe2-17-512:8. The apeetmens were by -
nighed by AFMIL., This is the same grade o! Plexiglas u-e¢ 101 the Caiihialiofn runs at vach
velocity.,

The matertal has zero porosity, a density of 1.i# and moderate physical pro;ertiee, Its
widespread apnlication for 1 variety of purposes mekes it of interest for rain crosion, par-
ticnlarly with its use 1n low speed alrcraft canopies,

The erosion of Plexiglas is in the form of chipping into granules. This increases with
duple of impact and velocity, At Mach 1.5 the 60° specimens are surface damaged with no
weight loss, The damage at Mach 2,0 is noticeable at 50°, very minor at 45°, and slight
otherwiso. At Mach 2.5, the erosion was progressively greater,
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Figure 87. MDPR vs Sine Impact Angle ~ Plexiglas
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[-3 Teflon (TFI)

Rulk polytetraflioroctiylene {%¢flon) was selectes for evalualion becausc of its many usis
as an ablaten protective egvering, and gasket or seal materiad, The T flon evaluated was
similar to the thin coating appuied over epoxy laninates (Speciiaen H-4),

The mnlerial nas a density of ©.25 anddphyaicet nronartied which aie voourer than Plexiglas,

The crosion of Teflon is relatively uniform and was considersble even at Mach 1.5, With
wicreasingly greater penetration at higher vetomities, the Teflon rate s 53 the pooreet tharmul
plastic evaluated,
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W CLASS J - METALS
d-p, d-s, -3 Alumipum and Copper

Two alwminum alloys and annealed copper were selected for the progeam. The alumini,
atlove are 2024-T3. widelv used in acrospace vehicle congtruction, and 6061-T6, u weldabhl.
alluy. The sunealed Copper wase selected 1o include one 2ofter mote quctile metai, ihese
metals are of special faoterest to researchers in the field of cavitution damage for soine
pusaibie COTTIIAtcn with rain zroginn damagen.

Of the twe alumdnmm alloys the 2024-T23 aluninum is harder and has greater yield and
tensile strergths, It 4iso has sGiwewhat greuter duclility, The anneaied copper has low v
tensile strength but much greater ductility.

All three metals were run at all Mach numbers up through Muach 3,0, Post-run samplc
processing showed no welght logsses with the exception of very small iosses for the 6061- 16
at dach 3.0, At the Ligher Mach numbers and impact angles these muterials did experience
a change of surface condition which is best termed as roughening,

The surfuce of the cepper was measurably compressed and dented. The high ductility
allowed the surfiee layer to work harden, Greater exposure times or higher velocities oh-

viouslv wonld result ia loss of material,

The test results for the metals cannot be graphed as wagr pogsible for most other materials,

132




I R Y APPSR UR N B - -

T e v —————

. .«.m'_g_u,_m
v £1-+2n” 401 B1Ed adpiupq uvolsOa I UtEY 16
_ umpumInty $1L-rok 2

R |



g

SIDUILI™Y TL-1900 0] BIB(] o8vwieq uoisoxg uley  *zg oandig

3

134

AFML-TR-67-164

T AT TR 3 T




—
!
o~
ot
x
B
i
I
=
<)
<

zadde) peieatuy 10j BB 93vwWE(] nOIsOXy ursy

WiE]

ol - e
Cony - 6% O v - 1%
-yl IS N N
a0 3 e

Wi

WL G ﬁ! NYNOTION LY AVY

NOLLYMIVAZ TWIY3LY

U SR ——
D08 8 W,
GUD. @oe pe au ¢ D G [N
R e N s ol ‘lm
d T emeazem U .
“ _ wsey W
onld i alhge
e P T ] ,
lenl £ ]
P8
lsmg ey sl
Hl oy e :.“.! e o ¢ Sumesananey ag‘
X NS
4 v o
l!(L - P &Y - -

_——y siv) WS
' Ay
“m S 143D
(2]l TNV LN
ﬁ WS LAmY
~ Sivee

{ e B) R 38

O0td AAVN-IDHO0_. BV SNIOC | -

W NOISOU3 NIV

WOVHL UTNS v NVINOTION LV WYYIOd

ROILY(IIVAS TVIMILYIN NOISON3 NIVY

ol o

| AWN-T7O3 UV INIOF | WOVALL QIS UV NYIROTION LV VD04 AAYN-3:

NCILVNIVAS TVINILVIN NOI

135




L ] o Y S —

ATML-TR 87 184
SECTION IX
DISCUSSION OF RESUL*:
It must he emphasized that the exposures in these evali:-tions were for shorl periods unly

but even these brief encounters wiul e rain were sulli-i ol o nrdicats considcrable dif

ferences in the supersonic rain erosion resistance of various aviterials, The average velocities

and timiaa in rain for each of the four Mach numbers were :::; iolluws:
Mach Number Average Veloclty Average
(ft/sec) Time in Rain

{sec)
1.5 1613,6 (8 runs) 3.7¢
2.0 2126.4 (9 runs) 2,82
2,5 2484.4 (8 runs) 2.41
3.0 3047.8 (4 runs) 1.97

The alunina and beryllia isotropic ceramics were exp «.>d to be highly resistant to rain
impingement sup-rsonically based on previous studies ind thcy were found to be usable at
all anzles of impingement up to Mach 3.0, The cordierite wis useful for angles below €0 up
to Mach 3.0 and the fused silicas were limited to 30° and bclow at all velocities,

The sandwich ceramic construction is not suitable for supevsonic applications where rain
will be encountered. The foam core which gives lightweight and gucd electrical characteristics
also contributes to failure in rain by virture of its low str.ngth,

The erosion of the plastic laminates was increasingly severe with greater impingerrent
angle and higher velocities, The discon inuity in the plots of erosion rate (mean depth of
penetration rate) as a function of the sine of the impact angle may be explained as foliows,
The low rates initially result from a gradual eroding awuy of the surface resin until a point
is reached . nere the laminate plies are penetrated and a greater rate of erosion occurs,
This penetration of the upper resin layer orcurs more rapidly at smaller angles with in-
creasing velocity and hence the increading rate at higher speeds. The resins such as PBI
and polyimide which result in ‘‘dry’’ laminates also erode more rapidly than do epoxy lami-
nates because of a lack of outer resin layer and hence quicker penetration of the plies. This
lack of surface layer is also true for the inorganic laminatcs,

All laminates should be covered with z protective co:ling for supersonic applications. In
general, they are useful uncoated at 15° impingement ungles or less but exhibit increasing
damage at 30° and above at Mach 2,0 or greater, The epoxy laminates are not damaged
severely in any position after one exposure at Mach 1,5, ilowever, they would be eroded with
further exposure at this velocity.

Ceramic coatings demonstrated limited protectiveness for latninate substrates in a sup¢ »-
sonic rain environment. Casting, flame spraying, ana piasma spraying are effective ways f
preparing these coatings. However, unless the surface of the sprayed coating is treated
chemically or impregnated with a sealer of some kind, the ceramic coated laminates are
eroded at angles of 45° and above, even at Mach 1.5, The reduction of coating perosity and the
quality of ceramic-laminate adhesion are the most important factors in erosion resistance,
With proper preparation ceramic coatings are ercsion resistent at angles of 60° or less up
to Mach 2,0,
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If the exposure time is short enough at Mach 1.5, the elastomeric coutings such as neq-

prene and urethane are resistunt to rain erosion, However, at Mach 2,0 or faster even 2 seg~ .

onds was sufficient to erode completely through the 60° specimens, The positions which wege
damaged at Mach 2.5 were all angles of 45” or more. The damaging effect of drop impinge-~
meni «t the higher incidence angles is not mitigated at all by thicker elustomeric coatings;
the dainage is comparable for thickncsscs of a particular material up to 30 mils, The shear
and imnnel siresses are of such a maagnitude at Mach 2,0 and above that they are trunsmitted
through any of these coatings to the laminate, breaking the bond and initlating erosion.

:‘sf

Surfacs a:rfuﬁun.nané of 51""“33 i.n.,:‘("'"“ thair “"""‘"""““ f"“" conventionsl “ﬂn“ﬂnm

but it does not enhance their supersonic rain erosion resistance. The catastrophic failure
once rain penetrates the surface layer Is so extreme that these glasses would have utility
only in designy of less than 13.5° incidence angle, ik

Honeycomb siructures even with very strong skins possess poor croasion resistance for the
same reasu:s as he sandwich ceramics. The physical properties of ablative coatings are so

low that they have poor subsonic erosion resistance as well as poor supersonic resistance.

The use of electroplated nickel coatings applied directly to plastic laminates is a definite
improvemcent for protection of surfaces where radar compatibility is not a coucern, These

§

coatings weve unaffected at all impingement angles at Mach 1.5 and 2,0, and only the 60°

specimens began to lose adhesion at Mach 2.5, "

The erosion resistunce of polyphenylene oxide at Mach 2,5 and below was somewhat un-
expected because its overall physical strengths are rot greatly different from Plexiglas,
However, its shear strength of 10,900 psi is higher than the otheir thermal plastics and thus
imparts ‘‘ductility’’ to the bulk plastic.

¥

_..5;
The ductility of annealed copper and the aluminum alloys enables their surfaces to be
considerably deformed without measurable weight losses, These metals would eventually be

pitted with material loss after longer rain exposure times at supersonic velocities.
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SECTION X
CONCLUSIONS

1, CLASS A - [SOTROPIC CERAMICS

The highty dense aiumina and ber yliia weic thomost erosion resictant materialr evaluated.
COther ceramics ranked in decreasing order after them: Pyroceram 9806, cordierite and
fused silica, Erosion ratc equations were developed for the fused silica masterials, The den-
sity and compressive strength of the alumina and beryllia are believed to contribute to their

erasion resistance,
2, CLASS B - SANDWICH CERAMICS

The sandwich ceramics are inherently low in supersonic rain erosion resistance because
the low compression strength of the foam core permits the dense skin to fail by tmpact
fracture,

3. CLASS C - PLASTIC LAMINATES

Epoxy laminates were found to be the most erosion resistant leminate construction. Other
organic and semiorganic laminates were decreasingly resistant as follows: polyimide,
polybenzimidazoie (PBI), and silicone, Erosion rates (mean depth of penetration per second)
were discovered to be d’ ectly proportional to the normal component of the impact velocity
(sine of the impact angle) and exponentially proportional to the velocity itself. Constarts were
determined for equations describing the erosion of these plastic laminates in a supersonic
rain environment,

4. CLASS D - INORGANIC LAMINATES

Inorganic laminates were found to be less resistant than any of the oreanic or semiorganic
laminates. This may be attributed to their lecwer strength,

5. CLASS E - CERAMIC-COATED LAMINATES

The porosity of ceramic coatings and the strength of the laminate substrate are the most
important factors in the erosion resistance of the overall composite. Gealing of the pores can
be effectively accomplished by physiczl impregnation with a resin or by chemical treatment
of the surface, The coating-laminate interfacial adhesion is another important factor, Pre-
casting, plasma spraying, and flame spraying have been shown to be effective techniques for
producing erosion resistant ceramic coatings,

6. CLASS F - ELASTOMERIC-COATED LAMINATES

Elastomeric coatings have exhibited good erosion resistance at Mach 1.5 for very short
exposure times. The effect of coating thickness on erosion protection is negligible at Mach 2.0
and sbove with 0,010 inch elastomeri¢ coatings offering as much protection as 0.030 inch
coatings, The quality of the bond is veryimportant in the protection provided by these coatings,

7, CLASS G ~ GLASSES

The glasses are characterized by less erosion resistance than the ceramice and cata-
strophic failure upon exposure to rain supersonically. This failure is intensified by internal
sizccs relieving after the surface compression layer is degraded, The greater the strength
of these glasses, the more catastrophic is their failure.
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8. CLASS H - SANDWICH PLASTICS

Honeycomb sandwiches are poor in erosion resistance because of weaknesses inherent in
the thin-skin-over-cellular structure. Thicker skins, smaller cells, and thicker cell wails
improve the erosion resistance in a limited manner.

Ablative coatings such as cork and Teflon are poor in erosion resistance because of high
porosity and low strength

Electroplated nickel coatings are the: moat erosion resistant thin coatings over laminates
eva.luated The ductility of the. nickel is responsible for its supersonic rain erosion protective
ability. x

‘9. CLASS I - THERMAL PLASTICS

Polyphenylene oxide resists supersonic erosion because its high shear strength. enables
considerable surf>2= deformation and rearrangement without measurable erosion, ]?lexiglas
and Teflon in bulk form are eroded because of low shear strength
10. CLASS J - METALS o

Soft ductile metals such as aluminum alloys and copper are damaged by supersonlc rain

impact but, for short exposure times, this damage takes the form of denting and SisTans de-

formation without material weight loss,
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SECTION XI

FUTURE WORK

b

[ P PR

1, The velocity range of evaluations will be extended io Mach 4 and Mach 5 for the iso-

tropic ceramies, thermal plastics, metal coatings, and bulk metals,

2. A series of repeated runs on particular materials will be made at a specific velocity
(Mech 1.5) to accumulate exposure time on these materials for comnaring damage at longer

tiimes at lower veloocity with short times at high veloocity.

3. New improved materials such :3 pyrolytic boron nitride in the isotropic ceramics

TABLE 1

PROPULSION SYSTEMS

class and polycarbonate in the thernal plastics class will be evaluated. Metals such as tita-
nium and A-1100 pure aluminum will be evaluated along with improved urethane elastomeric
anc other ceramic coatings, Increased emphasis will also be placed on glasses because of
problems with these materials,

L-__Mm

.
P

Mach Number Boost Sustain
1lst Stage 24 Stage 1st Stage 2d Stage | 3d Stage

1.5 1 Ceanie - 2 M-58 2 M-58 | 2 M~-58 ‘
2.0 1 Nike - 3 M-58 3 M-58 -
2.5 1 Genie 1 Genie 4 M-58 3 M-58 - |
3.0 1 Nike 1 Nike 6 M-58 - - ‘
- |
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TABLE VI

MATERIALS LIST

Class Matoril Supplier Test Mach No.
Isorronic Ceramics
A~ 9600 P'yroceram CGW 1.5, 2.¢, 2.5, 3.0
A-2 9611 Pyroceram CGW 1.5, 2.0, 2.5, 3.0
A~ /53 Alumlua Alslimay 2.0, 2.5, 3.0
A-4 Wearox Atlumina Wesgo 3.0
A-5 Al-300 Alumina Wesgo 3.0
A-b 754 Beryllia Alsimag 2.0, 2.5, 3.0
A-7 701 Cordierite Alsimag 2.0, 2.5, 3.0
A-8 7941 Fused Silica CGW 1.5, 2.0, 2.5, 3.0
A-9 Fused Silica-1 Gh/p 2.0, 2.5, 3.0
(coated with silicon)
A-10 Fused Sflica-11 GD/P 2.0, 2.5, 3.0
(coated ~*th Teflon)
A-11 Fused S1lica-1I% GD/P 2.0, 2.5, 3.0
(uncoated)
A-12 Fused Silica Brunswick 2.0
e .
Sandwich Ceramics
b U - o e -——1
B-1 0.040" Alumina Narmco i.5
Sandwich
B-2 0.020" Alumina Bruaswick 1.5, 2.0, 2.5, 3.0
Sandwich
B-3 0.040" Atumina Brunswick 1.5
Sandwich
Plastic Laminates
c-1 Polybenzimida~ Narmco 1.5, 2.0, 2.5, 3.0
zole (Imidite)
c-2 8265 Epoxy Furane 1.5, 2.0, 2.5, 3.0
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TABLT, VI (CONTD)

Class

Material

Plastic Laminates

828 Epoxy

[

Supplier ’ Test Mach No.

.mu-lllllﬂlllﬂllahunn-&l.'.ill.iil'.ﬁhﬁﬂﬂmu

C-~3 Shell 1.5, 2.0, 2.5
C-4 No samples submitted
c-5 Tolyimide/BMEC Boelng/ 1.5, 2.0, 2.5
1937 Sealer Alrplane
C-6 Polyimide Brunswick 1.5, 2.0, 2.5
(Skygard 700)
c-7 Nomex Epoxy Boeing/ 1.5, 2.0, 2.5
Aernspace
c-8 DC2 106 Silicone NAVATRDEVCEN 1.5
o B ]
Inorganic Laminates
b — iR
D-1 Alumina/Filament Lockheed 1.5, 2.0, 2.5, 3.0
Wound S glacss
D-2 Aluminum Phos- Brunswick 1.5, 2.0, 2.5
phate/S glass
b e~ —— — e — e ————— e - ._JL,,, — -4
Ceramic Coated
Plastic Laminates
E-1 0.020" Precast Brrnswick 1.5, 2.0, 2.5, 3.0
Alumina/Aluminum
Phosphate
E-2 0.020" Plasma Brunswick 1.5, 2.0, 2.5, 3.0
Sprayed Alumina/
Aluminum Phosphate
E-3 0.u40" Plasma Brunswick 1.5, 2.0, 2.5, 3.0
Spraye - Alumina/
Aluminun Phosphate
E-4 0.020" Plasma Lockheed 2.0, 2.5, 3.0
Sprayed Alumina/
Alumina~Silica-
S glass
E-5 0.020" Flame Sprayed | Narmco 1.5, 2.6, 2.5, 3.0

Alumina/PBI1
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TABLL VI (CONTD)
o3 Class Material Supp:tler Test Mach No.
L O
.é Ceramic Coated
: Plastic Laminotes
= E— T T T T T T T T
E-6 0,040" ¥lame Sprayed | Narmco i 1.5, 2.0, 2.5, 3.u
Alumina/PBL
C-7 No samples submitted
E-8 0.125" Alumina/ Boelng/ 1.5, 2.0, 2.5, 3.0 X
0.030" RTV521/ Airplanc §
Polyimide !
i
E-Y 0.030" Rokide "A" Goodycar 1.5, 2.0, 2.5, 3.0 .
Alumina/Polyimide :
E-10 0.030" Roklde "A" Goodyear 1.5, 2.0, 2.5, 3.0
Alumina with
Cr203/Pdlyimide
E-11 Plasma Sprayed Lockheed 1.5
Alumina/Silica/ i
'uartz glass i
t
E-12 Flame Sprayed Brunswick 2.0
Alumina/Polyimide
E-13 No samples submitted
E-14 0.030" Rokide Aluminaj| NOL 1.5, 2.0, 2.5
828 Epoxy
; E-15 0.040" Precast Brunswick 2.5
Alumina/Aluminum
Phosphate
. E-16 0.030" Plasma Brunswick 1.5, 2.0
] Sprayed A’umina
(H3POA treated)/
828 Epoxy
Elastomeric C. ated
Plastic Laminates
F-1 0.010" GACO/828 Gates Engi- 1.5, 2.0, 2.5
Epoxy neering/
NAVAIRDEVCEN
148
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TABLE V1 (CONTD)

Class Material Supplier Test Mach No.
Slaztomoris Cooeed
Plastic Laminates
K2 G.020" GACO/828 1 Garey Eugi-— 1.5, 2.0, 2.5
Epoxy neering/
NAVAIRDEVCEN
¥-3 0.010" Neoprene on B. F. Goudrich/{1.5, 2.0, 2.5
Dacron/823 Epoxy NAVAIRDEVCEN
F-4 0.020" Neouprene on B. F. Goodrich/|1l.5, 2.0, 2.5
Dacron/828 Fpoxy NAVAIRDEVCEN
F-5 0.030" Neoprene on B. F. Goodrich/|1.5, 2.0, 2.5
Dacron /828 Epoxy NAVAIRDEVCEN
F-6 0.0i4" Polyurethane B. F. Goodrich/|1.5, 2.0, 2.5
on Dacron/828 NAVAIRDEVCEN
Epoxy
F-7 0.026" Polyurethane B. F. Goodrich/|[1.5, 2.0, 2.5
on Dacron/828 NAVAIRDEYCEN
Epoxy
-8 0.038" Polyurethane B. F. Goodrich/|1.5, 2.0, 2.3
on Dacron/828 NAVAIRDEVCEN
Epoxy
F-10 0.020" Hycar on B. F. Goodrich/}1.5, 2.0, 2.5
Dacron/828 Evoxy NAVAIRDEVCEN
F-11 0.030" Hycar on B. F. Goodrich/jl.5, 2.0, 2.5
Dacron/828 Epoxy NAVAIRDEV( EN
Glasses
G-1 0313 Chemcor CGW 2.0, 2.5, 3.0
G-2 9753 1/R Glass cew 2.0, 2.5, 3.0
G-3 C106 CER ~ VIT Owen~Iliiuois 1.5, 2.0, 2.5
G~4 0315 Chemcor CcGW 2.0, 2.5, 3.0
G-5 0312 Chemcor CGW 1.5
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“ABLE VI (CONCLUDED)

[7 Class Material AIisupplier Test hMach No.
L N —
Sandwich Plastics
H-1 826% Purane Epoxy GD/F 1.5, 2.0, 2.5
Sandwich
H-2 Polyimide Sandwich Boeing/ 1.5, 2.0, 2.5, 3.0
Airplane
H-3 Titarnium/Polyi- Boe ing/ 1.5, 2.0, 2.5, 3.0
mide Sandwich Afrplane
H=4 0.Q35" Teflon/Nomex Boelng/ 1.9, 2.0, 2.5
Epoxy Aerospace
H-5 Cork/Epoxy Boeing/ 1.5, 2.0, 2.5
Aer spzce
H-6 Nickel Plate/Epoxy AFML 1.5, 2.0, 2.5
Thermal Plastics
1~1 PPO GE 1.5, 2.0, 2.5%
-2 Plexiglas APML 1.5, 2.0, 2.5, 3.0
L~ 1-3 TFE Teflon APML 1.5, 2.0, 2.5
Metals
J-1 2024~T3 Aluminum NAVAIRDEVCEN 1.5, 2.0, 2.5, 3.0
J-2 6061--T6 Aluminum NAVAIRUDEVCEN 1.5, 2.0, 2.5, 3.0
J-3 Annealed Copper NAVA1RDEVCEN 1.5, 2.0, 2.5, 3.0

[P -




ST R o

ks S

3
-

L e R Ay ——"—,

FRICIDING PAGE MLANX - NOT FILMED. .

AFML-TR-67-164

MATERIALS

Modul:is of

A-12 Fused Silica-Brunswick

Flasticity
psi
Porosicy-2% Density—gm/ce Hardneas Sonic Resonance
Material ASTM 373-56 ASTM 373-56 Knoop Method
A. lsctyopic Ceramics
A-1 9606 PyrocerairCCW .00 2.6 500 gm load 17.2 x 106
€19
A-2 9611 PyroceramCGW .00 2.93 1U0 gm load 17.0 x 106
644
A-3 Alumina-Alsimag No. 753 0 3.85 Rockwell 45N
80
A-4 Alumina-Wearox-Wesgo
A-5 Alumina-Wesgo AL-300 0 3.76 MOH scale
9
A-6 Bervryllia-Alsimag No. 754 0 2,88 Rockwell 45N
55
A-7 Cordierite-Alsimag No. 701 .02-1.0 2.3 MOH Scale
8
A~-8 Fused Silica-No. 7941 CGW 2.5-12.0 1.9-2.1 Rockwell 15N 8.4 x 106
84
A-9 Fused Silica-GD/P I (coated) 12.0 2.0 500 gm load 3.5 x 109
196G
A-10 Fused 5ilica-CD/P 11 (coated) 12.0 2.0 500 gm load 3.5 x 10°
190
A-11 Fused Silica-GD/P TII 12.0 2.0 500 gm load 3.5 x 10°
190




TABLE VIIL

“TALS PROPERTIES SUMMARY

N

Dielectric Loss
Flexural Strength- | Tensile Poisson's | Constunt | Tangent
Shear Modulus psi Cyl. Spec. Strength Ratio (8.6-10.0 |(8.6-10.0
psi Shear 4Pt. Loading psi Compressive Sonic KMC) ¥MC)
Sonic Resouance | Strength 100,000 Supplier Strength ]Resonance |ATC Rept. ATC Rept .
. Method nsi psi/min Method psi HMethod ARTC & ARTC 4
— -'-_—ﬁ_—
6 3 3 3 . .
6.9 x 10 35, x 10 26. x 10 340 x 10 . 245 55 .0003
6 3 3 3
7.0 x 10 14. x 10 10. x 10 125 x 10 .22 6.9 .00N4
3 3 3
50, x 10 28. x 10 375 x 10 9.6 .0019
.3 3
46. x 10 250 x 10 9.9 .0015
35 x 10° 1. x 10° 185 x 10° 6.1 .0001
3 3 3 -
15 x 10 6. x 10 50 = 10 5.5 .005
. 6 an3 3
3.6 x 10 6,300 4.7 x 10 50 x 10 .15 3.3 .0016

S mh_‘_wwnmm
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TABLE VII (CO

‘....u. — .A-M‘_:MUMMAI

S

Modulus of
Elasticity Shear Mod
pedi psi
Porosity-2 Density~gm/cc Hardness Sonic Resonance |Sonic Reson
Material ASTM 373-56 | ASTM 373-56 Knoop Method Mathod
B. Sandwich Cerawics
R-1 "A" Sandwich Alumina 10 - 15 4.07 970
0.040" Alumina Skins/Alumina 20 - 25 1.0 500 gm load
Foam Core Narmco
B-2 "A" Sandwich Alumina <7 3.66 Rockwell 43.3 x 1()6
0.020" PC Alumina Skins/Alumina "*A""89
Foam Core Brunswick
B-3 "A" Sandwich Alumina
0.040" PS Alumina Skins/Alumina
Foam Core Brunswick
G. Glasges
G~1 Chemcor~ CGW Ne. 0313 0 2.45 100 gm load 16.6 x 106 4.4 x 1C
540(est)
G~2 I/R Glass No. 9753, CGW 0.00 2.798 601 5.6 x I{
G~3 C106 CER-VIT 0 2,51 20Q gm load 13.3 x 106 5.3 2 1
Owens Illinois, Boeing 500
G~4 No. 0315 Chemcor~CGW 0.00 2.458 100 gm load 10.3 x 106 4.3 x U
590
G~5 No. 0312 Chemcor-CGW
D, Inorganic Materials
D-1 FW Alumina~Silica S G ass 1.71
Lockheed
D~2 Alumina Fhosphate- 15 FIM Std 406 Barcol 2.82 x 1.06
S Glass Laminate 1.8 60
Brunswick
PP
I
PV ' 152
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/1L (CONTD)

E Dielectric Loss
5 Flexural Strength-| Tensile Poisson's| Constant | Tangent
'ay Moduius psi Cyl. Spec. Strength Ratio (8.6-10.0 ((8.6-10.0
- pai Shear 4Pt. Loading pal Compressive Sonic KMC) KMC)
lc Resonance Strength 109,000 Supplier Strength | Resonance| ATC Rept. |ATC Rept.
 Hethod psl pei/min Method pei Method ARTC 4 ARTC 4
8.6 Skin
220 S00-1n00 2.43 .0U125 Core
3 4 ;
Composite 20 x 10 30 x 10 8.8 L0007 Skin
5 34.5 x 10 2.5 .0011 Core
|
.4 x 10° 40 x 10° .22
5.6 X 106 .28 8.59 .01
.3 x 10° 1.8 x 10° .25 [5.4 at 1MC[.026 at 1MC

163 x 10°

85,000

.21
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o

TABL, VIl (

ey 5

___._.__.T,_._,_, ~7
Modulus of
Elasticity Shear
pei p
Porosity-2 Density-gm/cc| Hardness Sonic Resouance Sonic
Material ASTM 373-56 ASTM 373-56 Knoop Method Me
E. Ceramic Coated Laminates n
6
E--1 Precast Alumina (0.020") <5 3.75 Rockwell “A’ 43.9 x 10
on Al POI‘ - Brunswick 88
6
L2 Vlaswa opruy Alumina® 8 FTM Srd 406 [KRockw=ll 'C' 40 x 0
(0.020") onAl PO“ 3.5 70
Brunawick j
6
E-3 Plasma-Spray Alumina 8 FTM Std 406 Barcol 40 x 10 i
(0.040") on Al Poh 3.5 60 :
Brunswick
E~4 0.02C" PS Alumina/Alumina-~ 3.3
Silica S Giass Laminate-FW
Lockheed
E-5 0.020" PS Alumina/PB1 iz 3.3 1450 32 x 102 NJ
Laminate~ Nu wmco 15 1.65 70 4.75 = 19 2.0 1
E-6 0.040" PS Alumina/PBl 12 3.3 1450 32 x 102 Nj
Laminate- Narmco 135 1.65 70 4.75 x 1D 2.0
E-7 Vapor Deposited Alumiuna/ !
PBL Laminate GTIC
E-8 0.125" Alumina/0.030" RT V521/
0.100" Polyimide Lominate 500 gm load P
Boeling Seattle .6 3.48 1600 25.7 x 10 10. 2
E~-9 0.030" P3 Roklde "A" 7 3.3 2000 gm load| 6 )
¥l Laminate-Gaodyear FIM Std 406 Barcol 42 2.73 x 10
Aerospace 11755
E-16 PS Rokide "A" Alumira/ 2 4.6/1.755 2000 gm load] 3.12 x lﬂb
P} Lamiﬂnate-Alzoi’ con~ ’
tains CR203 - Goodvear Aercspace :
*Propertles for costing - Sea D-2 for laminace
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S S e e e
Dielectric Loss
Flexural Stremgth-| Tenslie Poisson's| Constant | Tangent
war tiodulus rsi Cyl. Spec. Strength Ratio |(B.6-10.0 {(8.6-10.0
pet Shear 4Pt. Loading psi Compreasive Sonic KMC) KMC)
1 ¢ Resonance | 3trength 100,000 Supplier Strength Resonance |ATC Rept. JATC Rept.
Mechod psi psi/min Method sl Method ARTC 4 ARTC 4
23.3 x 10° 8.8 .0007
3 e 3
35 x 10 2% x 10 9.0 .003
3 3
35 x 10 25 x 10 9.0 .003
NA , 5. 10 22100 | 4 x10p 7.0 .001 Ceramic
2.0 x 10 6 x 10 11 x 10 87 x 10 7 x 10 4.2-4.8 .007 Plastic
N/A 6 3 5 x lOZ 2 x 103 4 x 102 7.0 .001 Ceramic
7.0 x 10 5 x 10 1L x 10 87 x 10 7 x 10 4.2-4.8 .007 Plastic
.26
10.2 x 10° ﬁ
N/A FTMS 406 FTMS 406 FTMS 406 37,000
1059 59,300 15,600 -37,600
1380 65,800 33,650 87,000-A
103,000-C/
47,500
-ﬂn.ll’
i
i !
\

e sy
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TASLE VLI

Modulus of
Llasticity .
pal Shear MER.,
Porosity-% |Density-ga/cc Hardness Sonic Resonance |Sonic Rae
Material ASTM 3 3-56 | ASTM 373-56 Knoop Method Me
E-11 Sprayed Alumina/Silica
quartz glass - Lockheed
E-12 Plasma Sprayed Alumina/
PI Laminate - Brunswick
E-13 0.020" PS Alumina/Fd tilica '
Quartz glass Lamipate - .
Lockheed i
E-14 PS Rokide "A" Alumlna/ ¢ )
828 Epoxy Laminate NOL 13.3 3.37 1950 15.8 x 10 7.

E~15 0.040" Precast Alumina/
Al PO, Laminate -
Brunséick 3.7%

E-16 0.030" Plasma Sprayed
Alumina (H,PO, trestment)/
Epori 828 Laminate 7 3.5 520

154
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Dielectric Loss
Flexural Strength- | Tensile Polsson's| Constant | Tangent
psi Cyl. Spec, Strength Ratio [(8.6-10.0 |(8.6-10.0
Shezr Modulus Shear 4Pt. Loading pad Compresaive Sonic KMC) KMC)
Soric Resonance Strength 100,000 Supplier Strength | Resonance|ATC Rept. [ATC Rept.
Mesthod psi pai/nin Method psil Method ARTC 4 ARTC 4
7.3 x 10° -08 f
|
H
1
' 4
ey i
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Hardness
Shore "A" Tear % Elong
Specific Durometer 1bs/in. at br
Material Gravity ASTM~D~676 Thickqess JA__ASTM—D:
F. Elas “omeric Coated Laminates
F~1 0,010" Gaco/Epon 828 1.77
Epoxy Lamirave Navairdevecen
F-2 0.020" Gaco/828 Epoxy 1.77
Lauinate--Navairdevcen
F-3 0.010" Neoprene/Dacrun/828 1.30 56 137 570
Epoxy Laminate-Goodrich
F-4 0.020" Reoprene/Dacron/828 1.30 56 137 570
Epoxy Laminate-Gecodrich
F-5 0.030" Neoprene/Dacron/828 1.30 56 137 570
Epoxy Laminate-Goodrich
F-6 0.014" Polyurethane/828 1.22 78 335 640 .
Epoxy Laminate-Goodrich
F-7 0.026" Polyurethane/§28 1.22 78 335 640
Epoxy Laminate-Goodrich
F-8 0.038" Polyurethane/828 1.22 78 335 640
Fpoxy Laminate-Goodrich
F-9 0.010" Hycar/828 Epoxy 1.368 94 775 430
Laminate
F-10 0.020" Hycar/828 Epoxy 1.3638 94 775 430
Laminate ;
F-11 0.030" Hycar/828 Epoxy 1.368 94 775 430
Laminate [
k| |
E f
b - - T S —




i i £ TV 7

3 TALLE VIT (CONTD)
N
T . o ——
E Dielectric Loss
E Constant Tangent
E Modulus Modulus Tensile (8.6-10.0 (8.6-10.0
Fear % Elongation at 100% at 300% Strength KMC) KMC)
s /dn. at break Elongation- Elongation- psai ATC Rept. ATC Rept.
RBekness ASTM-D~412 psi-ASTM-D-412 |psi-ASTM-D-412 ASTM-D-412 ARIC 4 ARTC 4
3
137 570 220 900 3090 3.1 .029
137 570 220 900 3090 3.1 .029
137 570 220 900 3090 3.1 .029
?5 640 560 1380 3450 5.5 .05
335 640 560 1380 3450 5.5 .05
550 1380 3450 5.5 .95
1350 3240 4030 5.0 .05
1350 3240 4030 5.0 .03
1350 3240 4030 5.0 .05
-
El
!

| ¢ -
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iModulus of Sh
Porosity-1 Density-Gm/cc Elasticity-psl Stren
FTM Std FIM Std Slope of Tau at Shaar 7T
No. 406 No. 406 Hardness Low End of Styess | Modulus No.
Material MTD 5021 MTD 5011 Barcol Strdin Curve psai MTh
C. Plastic Laminates
- L 1
C-1 PBI (Imidite) Laminate 15 1.65 70 4.75 x 106 2.0 x '0 6
~Narmco
C-2 Furane Epoxy laminate-No. £265 0 1.77 60 (min.) 3.2 x 106
G/ FW
C-3 Epon 828 Epoxy 0 1.6
Laminate-Navairdevcen (All Epon
828013 good for
450 F/500 hrs)
C-4 Epon 828 Epoxy 50%
Alumina Loaded-Navalrdevcen
C-5 Polyimide Lami.ate BMEC 7.9 (1) 1.51 50 (2) 2.7 x 106 15¢
1937 Sealer-Boeing (Sp. Gr.)
C-6 Polvimide Laminate-— 6
Skyguard 700-srunswick 1.7 55 2,7 x 10
C-7 Nomex Epoxy Laminate 6
Boeing Seartle 0 1.38 45--50 4-6 x 10
C-8 DC2106 Laminate Navairdevcen
Silicone
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Dielectric Loss
Shear Flexural Tensile Compressive Constant Tangent
Strength-psi Strength-pei Strength-psi |[Strength-psi |Poisron's (8.6-10.0 |(8.6-10.0
Y% FTM Std FTH Std PT™ Std FIM Std Ratio KMC) KMC)
fus No. 406 No. 306 Wo. 406 No. 406 Supplier ATC Rept. JATC Rept.
i MTD-1040 MTD 1031 MID 1011 MTD 1021 Method ARTC 4 ARTC 4
3 4 3 3 . '
x 10 6 x 107 11 x 10 87 x 10 7.0 x 10 4.2-4.8 .007 Laminate ouly
70 x 10° 3 3 0
x 50 x 10 45 x 10 4.86% .019% *at 350 F
3 3 3
1500 45 x 19 35 x 10 28 x 10 4.1 .009
60 x 107 4 x 10° |40 x 107 4.2 .015
15-25 x 103

T By

R




| AFML-TR-A7=1R4
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e st menet b cetoeniiins nel

Modulus of
Elasticity-psi
Porxosity~Z |Density-gm/cc Slupes of Tan
FTM Std FTM std at Low End of Shear
No. 400 No. 406 Hardness Stress Strain Modulus
MTL 5021 MTD 5021 Barcol Curve psl
H. Sandwich Plastics r
H-1 0.010" Gaco/0.040" Furane (min) 6
Epoxy HC-GD/YW 0 1.77 60 3.2 x 10
H-2 Polyimide HC - Boeing 7.9 1.51 50 2.7 x 106
H-3 0.010" Titanium/Polyimide HC/ 6 6
0.010" Ticanium - Boeing 0 4.43 16 x 10 6.2 x 10 i
H-4 2,035" Teflen/Nomex Epoxy Laminate 2.25 Shaoke 9.5 & 104 2.
$5-56
{
H-5 0.035" Armstrong Cork AC-2755 Cver 3 :
Nomex Epoxy Laminate-Boeing Seattle 50 .48 7 x 10 :
1
1i-6 0.010" Electroplated nickel/Epon
828 Laminate-AFML 8.90 Vickers
163-332 .
I. Thermal Plastics
lI_l PPO-GE (polyphenylene uxide} 0 1.06 Rockwell 7 x 101‘ 10
R~120
i-2 Plexiglas (Type II- UVA)-AFML o 1.19 45-49 4.36 x 105
1-3 Teflon - DuvPoat 0 2.25 Shore 9.5 X 10‘ 25l
55--56 i
J. Metals |
J-1 2024~-T3 Aluminum 2.77 Brinell
120
J-2 6061 T6 Aluminum 2.70 95 {
J=3 Copper-Annealed 8.96




N P ' Dielec:ric| Loss
Shear -I-’1exu1‘:al Tensile . [Compressive !| Constant | Tangent
Rrrength-psi | Strength-psi Strength-psi|Strength-pei | Poisson's| (8.6~10.0 |(8.6~10.0
|  Shear - -FIM Std FIM Std FTM Std | FTM Std Ratio KMe) KMC)
B Yodulus ~ No. 406" . No. 406 " ‘| “No, 406 . } No. 406 Supplier |ATC Rept. |ATC Rept.
i psi MID 1040 MID 1031 “MID 1011 | MID 1021 Method “{ ARTC 4 ARTC 4
&
70 x 10° ' 3 f 3 °
_ 50 x 10 45 x 10 4.86% .019*%  [ear 350°F
3 3 ; t
1.5x10 45 x 10 35x10° | 28x10 4.1 * .009%  [rat  75°P-937mc
6.2 x 10° 78 x 10° 3 ' 3
2x x _ 134 x 10 132 x 10 0.30
3 3 S i
2.5/3 x 10 2x 10 © 320074000 | 1.7 x 10° 2.) .0002
o .0005
300/400 | 150 1.8 .05
- 1300
73-133 x 103 [Elong. 4-20%
10.9 x 103 15 x 10° : 3 3 '
9 x x 10.5 x 10 1 x 10 0.4 2.58 |o.o1
3 : : :
8600 17.7 x 10 10.8 x 10° 18 x i3 0.33 | 2.2-3.2 |0.02-0.03
3 ,
2500/3000 2x10 3200/4000 | 1.7 x 10° 2.1 .0002 [Depends on Freq.
3500/4500 .0005
Yield
Strength | Elong.
64,000 42,000 15%
42,000 35,000 102
32,000 402
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( glasses, therrmopiastics, sandwich plastice and metals. The resulis of these supersonic
exposures ar< summarized and listed according to materials category.

Quantitative data in the form of weight loss per unit area and mean depth of punetration
rote (MDPR) ave presented. Equations describing the high velocity-shori expocure time
erusion rates of plastic laminatos and fused silica ceramics have been developed. Duta for

' most other materials have been plotted but not fitted to equations. Photographs of all rain-
! exposed specimens and descriptions of the 65 muterials evaluated are included,
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